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The staff’s work, including the new assessments of tropical tunas, has been severely disrupted and de-
layed by the coronavirus pandemic, and many documents for the meeting of the SAC are not yet finalized.
However, it is important that the members of the SAC and observers be informed as soon as possible of
the direction and extent of the work, and of the very substantial progress that has been made, so some
of the most essential documents are being published in draft form, and may be modified after discussion
at the virtual sessions of the Committee.

EXECUTIVE SUMMARY

1. This year’s benchmark assessment of yellowfin tuna in the eastern Pacific Ocean (EPO) is the basis
for a risk analysis used to provide management advice (SAC-11-08). The risk analysis encompasses
alternative hypotheses on the states of nature. The hypotheses were developed in a hierarchical
framework that addressed uncertainties and issues with previous assessments. Previous assess-
ments used a single model called a base case model, instead this assessment uses a set of reference
models to represent the hypotheses.

2. The changes to the new assessment include:

! postponed until a later date to be determined
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e improved index of abundance based on the dolphin associated purse -seine fishery;
o new fishery definitions;

o different assumptions about how the index relates to abundance;

o different selectivities for some fisheries,

e growth is estimated in some models.

While previous assessments assumed a steepness of 1.0 to provide management advice, this assess-
ment uses a total of 48 reference models, representing 12 different model configurations, each with
four different values of steepness (0.7, 0.8, 0.9, 1.0).

According to this assessment’s 48-reference models, the point estimate for the spawning biomass
of yellowfin at the beginning of 2020 ranged from 49% to 219% of the dynamic spawning biomass
at MSY. The probability that the spawning biomass at the beginning of 2020 is lower than the dy-
namic MSY level is 50% or less for thirteen of the 48 models. The point estimate of the fishing mor-
tality in 2017-2019 ranged from 40% to 168% of the fishing mortality at MSY. The probability that
the fishing mortality of yellowfin in 2017-2019 is higher than the MSY level is 50% or more for four-
teen of the 48 models.

The point estimate for the spawning biomass at the beginning of 2020 ranged from 145% to 345%
of the limit reference point. The probability that the spawning biomass at the beginning of 2020 is
below the limit reference point ranges from 0 to 2%. The point estimate of the fishing mortality in
2017-2019 ranged from 22% to 65% of the limit reference point. The probability that the fishing
mortality in 2017-2019 is higher than the limit reference point was estimated to be zero for all mod-
els.

Every reference model with fixed lower steepness values results in more pessimistic estimates of
stock status: lower spawning biomass relative to the target biomass reference point and higher fish-
ing mortality relative to the target fishing mortality reference point. However, regardless of what
value is assumed for steepness, some models estimate the stock to be overfished (S<Swmsy 4) and
overfishing is occurring (F>Fusy) (models that assume either fixed growth, a linear relationship be-
tween the index of abundance and population abundance, no changes in selectivity through time,
and asymptotic selectivity for the purse-seine fishery that catches the largest fish sizes). Conversely,
other models estimate the stock is not overfished (S>Swsv_¢) and overfishing is not occurring (F<Fmsy)
(models that either assume dome-shape selectivity for the purse-seine fishery that catches the larg-
est fish sizes). Stock status from the remaining models depend on the assumed steepness value.

One of the key uncertainties in this assessment is about spatial structure. This is an avenue for future
research to further improve the assessment models for EPO yellowfin tuna.

The results from the reference models are combined in a risk analysis to provide management ad-
vice (SAC-11-08).
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1. INTRODUCTION

This report presents the results of a benchmark stock assessment? of yellowfin tuna (Thunnus albacares)
in the eastern Pacific Ocean (EPO), conducted using an integrated statistical age-structured stock assess-
ment model (Stock Synthesis version 3.30.15). It is the first assessment for this species undertaken by the
Commission’s scientific staff under the Work plan to improve stock assessments of tropical tunas and,
although it uses the same modeling software platform as previous assessments, the methodology is quite
different. The assessment now forms the foundation of a risk analysis, which seeks to explicitly take mul-
tiple sources of uncertainty into account in defining stock status and formulating management advice.

1.1.1. Background

Some problems and sources of uncertainty had arisen in the staff’s assessment of yellowfin in recent
years, leading to the staff not considering it reliable enough for management advice and ultimately its
inclusion in the work plan to improve the stock assessments for tropical tuna in 2019. The main problem
was that the yellowfin assessment results became overly sensitive to the inclusion of new data, in partic-
ular recent observations for the indices of relative abundance from the longline fishery (SAC-10 INF-F). As
part of the work plan, a longline workshop and collaborative work with the main longline CPCs were con-
ducted in 2019 to better understand and improve the longline data used in the bigeye and yellowfin as-
sessments. As a result, the over sensitivity to the inclusion of the new data was found to be partially due
to both the contraction of spatial extent and reduction in fishing effort of the Japanese fishery (whose
data was used to estimate the longline index of relative abundance), resulting in a reduction in accuracy
and precision of the index for recent years.

Other issues were identified which also related to the longline information such as a change in length
composition data towards larger fish (SAC-10 INF-F) while the longline index showed a decline in recent
years. The collaborative work between the staff and colleagues from longline nations suggested that this
change may be due to changes in the fishery (e.g. gear or operation). However, the recent increase in the
mean size of yellowfin is also seen in the catches of the dolphin-associated purse-seine fisheries and some
unassociated purse-seine fisheries. This gives plausibility to the hypothesis that changes in some pro-
cesses (e.g. selectivity changes) or model misspecification (e.g. growth) may be related to this increase.
In some models of this benchmark assessment, growth and blocks in selectivity are estimated.

Another influential issue was inconsistencies between the longline and dolphin-associated purse seine
indices of abundance, and the stock assessment model did not adequately fit them both. A new spatio-
temporal modeling framework was developed and applied to the CPUE data to create new indices, but
the inconsistencies remained unsolved.

One major source of uncertainty, and also a potentially explanation for the inconsistencies among indices
is the possibility of spatial and stock structure of EPO yellowfin tuna that is not captured in the model. The
staff’s work for the 2" external review of the yellowfin stock assessment included exploration of separate
models for “southern” and “northern” hypothesized stocks. However, the review panel concluded that
the “evidence supporting a two-stock hypothesis was thought to be suggestive, rather than conclusive”.
In addition, that “there was further evidence suggesting that YFT in the EPO was somewhere between a
single, well-mixed stock and the two independent stocks”. The review panel suggested various research
avenues for the staff to explore to better account for stock structure in the yellowfin assessment (includ-
ing one-stock and two stock hypotheses). While this benchmark assessment was conducted as if there

2 “Benchmark” stock assessment means that model assumptions or methodologies previously adopted in this as-
sessment were reviewed and improved if necessary, as opposed to an “update assessment”, in which only the data
used in the assessment have been updated.
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were a single stock of yellowfin in the EPO, future research will continue to focus on alternative spatial
structure hypotheses. To minimize potential biases resulting from ignoring spatial heterogeneity, this
benchmark assessment is mainly fit to datasets representative of the area where the core of the catch is
taken (north of 5°N). The catch taken south of 5°N are fully accounted for in the assessment, but the
model does not fit to indices of abundance and length composition data from fisheries in the southern
area (south of 5°N). This limits the influence of data that may be representative of another population
unit.

There is also uncertainty about the nature of the stock-recruitment relationship (defined by steepness (h),
which specifies how quickly recruitment decreases when the spawning is reduced). Previous assessments
of EPO yellowfin tuna have consistently presented analyses of the sensitivity of the results to different
assumptions about the h parameter, but only to show the impact of these assumptions on estimated
management quantities; results of these analyses were not explicitly incorporated into the management
advice. In this assessment, the uncertainty in h is explicitly included in the models.

Neither of the external reviews of the bigeye and yellowfin tuna assessments identified a replacement
for the previous base-case models, but both review panels suggested a variety of alternatives for the staff
to consider, particularly incorporating model uncertainty to derive information for management advice.

1.2. The new approach

This 2020 benchmark assessment of yellowfin tuna in the EPO, and the companion assessment of bigeye
tuna (SAC-11-06), represent a new approach to stock assessments by the staff. Previously, a ‘best assess-
ment’ approach was used for the evaluation of stock status using a single ‘base-case’ model. The new
assessments under the new approach are based on ‘risk analysis’ methodologies, which use several ref-
erence models to represent various plausible states of nature (assumptions) about the biology of the fish,
the productivity of the stocks, and/or the operation of the fisheries, and takes into account the different
results, thus effectively incorporating uncertainty into the formulation of management advice3. This
change, which represents a paradigm shift at IATTC, both for the staff’s work and for the Commission’s
decision-making regarding the conservation of tropical tunas, also allows the staff to evaluate explicitly
the probability statements specified in the IATTC harvest control rule for tropical tunas established in
Resolution C-16-02.

This new approach to formulating advice for the management of tropical tuna fisheries includes the fol-
lowing four components:

1. Two stock assessment reports, for yellowfin (this document) and bigeye (SAC-11-06), describing
data, model assumptions and presenting the results from all reference models for each species
(model fits, diagnostics, stock status);

2. Arrisk analysis (SAC-11-08), assessing the consequences of using each model and the models com-
bined as a basis for managing the fishery for tropical tunas by quantifying the probability of meet-
ing the target and limit reference points specified in the IATTC harvest control rule;

3. Stock status indicators (SAC-11-05) for all three tropical tuna species (yellowfin, bigeye, skipjack);
and

4. The staff’s recommendations (SAC-11-15) for the conservation of tropical tunas, based on the
above.

3 See SAC-11 INF-F (Maunder et al. 2020a) for a description of the technical details of the risk analysis, using bigeye
as a case study.
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2. DATA
2.1. Fisheries and ‘surveys’

Fishery-independent surveys are the gold standard to gather data to assess an exploited population. Due
to their nature, most tuna fisheries worldwide have no surveys. The EPO in no exception, all data available
to assess the stocks are obtained from the fishery. By a process of statistical standardization of fisheries-
dependent data, however, an index of abundance and its associated length composition were estimated.
Within the stock assessment models, the index and its length composition are treated as ‘survey’ data,
thus modelled as having no catch and having a separate selectivity from the fisheries.

The fisheries are defined using several criteria, one of them is the geographical area of operation. This is
consistent with the ‘areas-as-fleets’ approach, and it is a way to take spatial information into account
without explicitly doing a spatial model.

The fisheries and ‘surveys’ defined for this assessment are illustrated in Figure 1, summarized in Table 1,
and described in detail below.

2.1.1. Fisheries

Thirty eight fisheries are defined for the stock assessment of yellowfin tuna in the eastern Pacific Ocean
(EPQ), classified by gear (purse-seine, longline or pole-and-line), purse-seine set type (floating object, un-
associated or dolphin), unit of catch (number or weight), quarter within a year and geographical area of
operation (Figure 1, Table 1).

All the fisheries in this assessment, except the discard fisheries and the bait-boat fishery, use new spatial
definitions based on spatial patterns in the length-frequency data identified with regression tree analyses
(Lennert-Cody et al. 2010). The length-frequency data used in the regression tree analysis for purse-seine
fisheries were obtained from the IATTC’s port-sampling program (see Section 2.4. “Size-composition
data”) for 2000 to 2018. The length-frequency data for longline fisheries were the aggregated data (ag-
gregated in space and time) from the Japanese fleet for 2000 to 2009 provided annually to IATTC by the
National Institute of Far Seas Fisheries in Japan. The purse-seine data had a spatial resolution of 5° latitude
by 5° longitude, and the longline data had a spatial resolution of 5° latitude by 10° longitude. The predic-
tors for the tree analyses were quarter; cyclic quarter (i.e. cyclic combinations of quarters, such as quar-
ters 1 and 4 versus quarters 2 and 3, quarters 1, 2, and 4 versus quarter 3, etc.); 5° latitude; 5° (10°) longi-
tude. The response variable, which was multivariate, was the proportion of individuals in each length in-
terval. The length intervals were 10-cm wide, with plus groups for the smallest fish and largest fish (< 39
cm; 40 — 49 cm; 50 — 59 cm; (...); 150 — 159 cm; = 160 cm). For both the floating-object and longline
fisheries, cyclic quarter (specifically, quarters 1 and 4 versus quarters 2 and 3) was found to be an im-
portant predictor for explaining variability in the length frequencies, and thus, seasonal fisheries were
defined. Two longline fisheries, one in number and one in weight, are defined for each area and cyclic
guarter combination, since longline catches are reported in number by some fleets and in weight by oth-
ers.

The bait-boat fishery represents a small portion of the catches and has been declining over time, so it was
treated as one homogeneous fishery for the whole EPO. The fisheries used to model discards have the
same structure as in the previous assessment (SAC-10-07).

2.1.2. ‘Surveys’

In Stock Synthesis, a ‘survey’ is modeled as a fleet that has data, such as indices of abundance and
age/length compositions, but no catch. One ‘survey’ is used in this assessment was based on data from
the purse-seine dolphin associated fishery (see section 2.3). Additional ‘surveys’ based on data from
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longline fisheries were also defined and used in research in preparation for the benchmark assessment
presented during the external review. The longline surveys are not fit in this assessment because their
datasets are not representative of the core area where the catches are taken (north of 5°N).

2.2. Catch
The following types of catch data are defined for this assessment:

e Retained: catch retained aboard the vessel;
Discarded: catches not retained aboard the vessel;

e Total: retained catch + discards;

e Unloadings: retained catch unloaded from the vessel.

2.2.1. Purse seine

The information used to estimate the total catch by species comes from four main sources (in order of
importance): canneries, on-board observers, vessel logbooks, and in-port sampling by IATTC staff. If land-
ing information from canneries is unavailable, catch information in the observer or vessel logbook data-
bases, in that order, is used instead. The observer and logbook databases also contain other information
about the catches, such as location and date caught, set type (on dolphin-associated tunas (DEL), on float-
ing objects (OBJ), and on unassociated tunas (NOA) and vessel carrying capacity (<364 t (Classes 1-5) and
>364 t (Class 6)); ‘year’ is the only ancillary information available in the unloading database. Additionally,
since 2000, the port-sampling program for collecting length-composition data has also provided infor-
mation on species composition (see section 2.4).

For this assessment, EPO total catches by species were estimated by catch strata, and then aggregated
across catch strata to obtain quarterly estimates for each fishery. The catch strata are defined by area
(those used in the stock assessment), month, set type, and vessel fish-carrying capacity. The method used
to estimate the species composition of the catch depends on the sources of information available. Esti-
mates prior to 2000 are based on the recorded species totals in the unloading or observer or logbook
data, as applicable. To correct for underestimated bigeye catches, an adjustment factor that adjusts the
catches of all three species, based on the port-sampling data from 2000-2004, is applied. The adjusted
species totals are prorated to catch strata using the ancillary information in the observer and logbook
databases. Since 2000, the port-sampling data have been used to determine the species composition of
the total catch. The total catch of all three species combined (from unloading, observer and logbook data)
is prorated to catch strata, using the information in the observer and logbook databases. The port-sam-
pling data on the species and size composition of the catch are then used to estimate the catch of each
species by catch stratum. Detailed explanations of the sampling and estimators can be found in the ap-
pendix of Suter (2010) and in WSBET-02-06.

2.2.2. Longline

The IATTC staff does not directly collect data on longline catches; these are reported annually to the IATTC
by the Members and Cooperating non-Members following the resolution C-03-05 on Data Provision.
Catches are reported by species, but the availability and format of the data varies among fleets. The prin-
cipal fleets report catch and effort aggregated by 5° cell-month. IATTC databases include data on the spa-
tial and temporal distributions of longline catches of yellowfin tuna in the EPO by the fleets of distant-
water CPCs (China, Chinese Taipei, French Polynesia, Japan, Korea, Vanuatu) and coastal CPCs (principally
Mexico and the United States).

For this assessment, these data are aggregated according to the new fishery definitions based on area of
operation, and cyclic quarter combination (Figure 1, Table 1). For each area and cyclic quarter combination
(quarters 4, 1 versus quarters 2,3), two fisheries are defined to enter the catches in their original reporting
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units (number or weight), and the conversion from numbers to weight is done internally in the assessment
model.

Updated and new catch data for the longline fisheries (Fisheries 29-40), available to the IATTC staff as of
April 10, 2020, were incorporated into the current assessment. New or updated catch data were available
for Vanuatu (2018), Chinese Taipei (2016- 2018), French Polynesia (2018), China (2018), Japan (2016-
2018), Korea (2018) and the United States (2014-2018). For 2019, and for other years when catch may not
be available, catches were set equal, by CPC, to the last year for which catch data were available. For fleets
that reported catch aggregated by year and space, the data was disaggregated using the proportion of
catches by quarter and area for the closest year for which data on that resolution were available. The
catches of a coastal CPC that reported aggregated catches were added to the area which contained that
CPC’s Exclusive Economic Zone (EEZ). The algorithm to calculate the catches is described in WSBET-02-03

2.2.3. Discards

Two types of discards are considered, those resulting from inefficiencies in the fishing process and those
related to the sorting of catches. Examples of inefficiency are catch from a set exceeding the remaining
storage capacity of the fishing vessel or dumping unwanted bycatch species, while catch sorting is as-
sumed to occur when fishers discard tuna that are under a certain size. Discards by the longline fisheries
cannot be estimated with the minimal data available (given small % of observer coverage), so it is assumed
that the retained catch represents the total catch (Table 1). Both types of discard by purse-seine are esti-
mated.

The amount of yellowfin discarded, regardless of the reason, is estimated with information collected by
IATTC or national observers using the methods in Maunder and Watters (2003). No observer data are
available to estimate discards prior to 1993, and it is assumed that there were no discards before that
time. Also, there are periods for which observer data are not sufficient to estimate the discards, in which
case it is assumed that the discard rate (discards/retained catches) is equal to the discard rate for the
same quarter in the previous year or, if quarterly data are not available, a proximate year. Removals by
Fisheries 1-10 (purse-seine on floating objects) are retained catch plus some discards resulting from inef-
ficiencies in the fishing process. The removals by Fisheries 11-14 (purse-seine unassociated) are retained
catch, plus some discards resulting from inefficiencies in the fishing process and from sorting the catch.
Discards that result from the process of sorting the catches in the floating-object fisheries are treated
separately (Fisheries 25 to 28), following the rationale of Maunder and Watters (2001). These discards are
assumed to be composed only of fish that are 1-3 quarters old. Sorting is infrequent in the other purse-
seine fisheries.

2.2.4. Catch and discards trends

Yellowfin tuna has been fished in the EPO since the early 1900’s (Estes 1983). Prior to the 1950’s, the
fishery occurred mostly within 250 miles of the coast or around islands and sea mounts, and was done
mainly by bait boats, followed by purse seiners (Peterson and Bayliff 1985). In the 1950’s the longline
fisheries started expanding in the EPO from the WCPO, getting to the coastal areas around the mid 1960’s,
mainly targeting bigeye tuna, but catching yellowfin tuna as a secondary species (Shimada and Schaefer
1956; Matsumoto and Bayliff 2008). The catches of baitboats have been small and declining over time.

The purse-seine fisheries, mainly associated with dolphins, became the main fishing method in the 1960’s,
and has continue since (Figure 2). The main dolphin-associated fisheries are close to Central America and
southern Mexico (F18-DEL_C, F19-DEL_P; Figure 1). The purse-seine fishery associated with floating ob-
jects has been important since the 1970’s in areas north of the equator (OBJ-N and OBJ-Nc, Figures 1 and
2) and close to the coast of South America, between 10°S and the equator (OBJ-Cc). The fisheries on float-
ing objects had a widespread expansion in the EPO after 1992. In the last 15 years, the number of sets on
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floating objects has been steadily increasing towards its highest current levels. (SAC-11-05). Catches from
areas C and S increased after 1992. The main unassociated purse-seine fisheries have been in the north
(NOA-N) and, after 2010, in the central EPO (NOA-C). The discards due to sorting in the floating-objects
fisheries shows a reduction beginning around 2001, following resolutions adopted by the IATTC during
2001-2007, which prohibited discarding of small tunas.

Longline catches represent a small proportion of the total catches of yellowfin tuna in the EPO (Figure 2).
The main longline fishing areas have always been in the western EPO, where a decline occurred in the late
2000’s, but a new increasing trend is apparent since 2010. The longline catches in the eastern EPO (LL-E)
area are characterized by a marked seasonality and have declined in recent years.

2.3. Indices of abundance

While both purse-seine and longline indices of abundance are available for yellowfin in the EPO, this as-
sessment includes only the purse-seine index. There was an inconsistency between the index based on
Japanese longline CPUE and the indices based on dolphin associated purse-seine CPUE. Extensive work
was done in collaboration with the longline CPCs to better understand the data, incorporate new data,
and conduct new analyses. A longline workshop was conducted and scientists from Japan and Korea col-
laborated with the staff to further address the issues. A new spatio-temporal modeling framework was
developed and applied to the CPUE data to create new indices (Xu et al. 2019) but the inconsistencies
remained unresolved. Therefore, it was concluded that stock assessment model cannot adequately fit
both types of indices simultaneously. To deal with this issue, the purse-seine index was selected for this
benchmark assessment. This is because the longline catches represent a small proportion of the yellowfin
catches, and the distribution of the Japanese fleet has been contracting towards the western EPO, away
from the “core” catch areas for yellowfin (see Figure Al in SAC-11-06). It is noted that, given these spatial
changes, one potential explanation for the inconsistencies among indices in the model is the possibility of
spatial structure in the EPO yellowfin population.

2.3.1. Data selection

The data used to construct the index are the set-by-set catch and effort observations from purse-seine
vessels. The data were collected by onboard observers of the Agreement on the International Dolphin
Conservation Program (AIDCP) observer program or obtained from vessel logbooks. Observer coverage of
the purse-seine fishery has been largely limited to large vessels (fish-carrying capacity> 363 t) and has
increased over time to at or nearly 100% since 1992 (Joseph, 1994; Scott et al., 2016). Logbook data were
used for trips of large vessels for which no observer data were available.

The data selection was done to retain only those vessels with similar fishing strategies each year using
two selection criteria. First, a vessel was only selected in years when at least 75% of its annual sets were
made on tunas associated with dolphins. Second, among the vessels that met the first criterion, those
represented by at least 10 years of data (with more than 75% of sets on dolphins) and over at least 18
years of data coverage (the difference between the first and last year of data available for the vessel) were
considered dolphin-associated vessels and their data retained for the index standardization. This data
selection procedure is necessary because it is not possible to separate searching effort by set type. Only
the main fishing grounds were selected for the standardization by including the 1° sampling cells that
were represented by at least 30 years of data between 1985-2019, and were located north of 5°N. A total
52 vessels were retained after the data selection to be included in the standardization (Figure Al). The
effort unit used was the number of days fishing.

2.3.2. Standardization procedure

The standardization of the catch and effort data for yellowfin tuna from the dolphin-associated purse-
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seine fishery was conducted using the R library VAST (version 3.0.0) (Thorson and Barnett 2017, Xu et a/
2019, Maunder et al 2020b). VAST fits a delta-generalized linear mixed effects spatiotemporal model to
data. It models separately the encounter probability and positive catch rate, which are assumed to have
a logit and log link, respectively, and combines the results to produce the final estimates. There are several
advantages of using mixed-effects spatiotemporal models over the fixed-effects generalized linear models
conventionally used in CPUE standardization. First, the estimation of spatiotemporal correlations allows
for the prediction of catch rates in unfished locations based on the information from neighboring ar-
eas/times. Second, the uncertainty estimates take into consideration the spatial coverage and sample
size. Third, the final estimates are naturally weighted the by the area related to each knot in the spatial
domain, rather than by the sample size. Both the encounter probability and the catch-rates are modeled
with linear predictors that include an intercept term (year-quarter effect), vessel effects on catchability
and a spatial effect (Xu et al. 2019). The spatial effect is represented by a mesh of 200 knots. The model
converged (gradient=0.0004) with a positive definite Hessian.

The index shows four noticeable periods (Figures 3 and 4):

e High abundance from 1984 to 2000, and a high abundance in 1996

e A marked increase in abundance in 2001 that persisted to the middle of 2003

e A period of decreased abundance until the beginning of 2015

o The recent period of further lower abundance
The lower spatial coverage and sample size in the early years (Figure 4) resulted in a higher CV for those
years.

2.4. Size-composition data
2.4.1. Fisheries
2.4.1.A Purse-seine

The length-frequency data for the purse-seine fisheries are obtained through the port-sampling program
of the IATTC. The sampling is done by IATTC personnel at ports of landing in Ecuador, Mexico, Panama,
and Venezuela. The ancillary information available in the port-sampling database is determined by the
port-sampling protocol (Tomlinson, 2002; Suter, 2010), where samples are collected according to sam-
pling strata. Sampling strata are defined by the fish-carrying capacity of the vessel, the date (12 months),
the type of purse-seine set (sets on dolphin-associated tunas; sets on floating-object-associated tunas;
sets on unassociated schools of tunas) and area of fishing (13 areas; see Figure 1 in WSBET-02-06). Wells
are the primary sampling unit within a stratum, with unequal numbers of wells sampled per stratum. Fish
within a well are the secondary sampling unit. Sampling at both stages is largely opportunistic with the
exception that wells are sampled only if all the catch within the well came from the same stratum. Analysis
of data from recent years has shown that this restriction can result in a predominance of large-catch sets
that are sampled (Lennert-Cody and Tomlinson 2010). More than one well may be sampled per vessel if
the catch of other wells comes from different strata. However, typically only one or two wells per trip are
sampled. About 50%-60% of trips of large purse-seine vessels and 10%-20% of trips of small purse-seine
vessels have typically been sampled by the port-sampling program per year, leading to a total of over 800
wells sampled in most years (IATTC 2010a; Vogel, 2014). The percentage coverage of the catch is lower
(SAC-02-10). The sampling areas were designed for yellowfin prior to the development of the fishery on
fish-aggregating devices (FADs) and have remained the same. Since 2000, the 5° area, in addition to the
sampling area, was recorded for almost all samples (Lennert-Cody et al. 2012). Prior to 2000, the 5° area
has been recovered for many samples. ldeally, 50 fish of each species in the catch of the sampled well
were measured. Since 2000, samplers alternate between counting fish by species and measuring fish for
length (fish included in the counts are independent of fish measured).
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As with the species catch, the size composition of the catch is estimated by catch strata and then aggre-
gated across catch strata to obtain quarterly estimates for each fishery. The estimates are in numbers of
fish by 1-cm length interval, which are then converted to proportion of fish at length for the assessment.
The estimated numbers at length are obtained by multiplying the well-level estimates of the proportion
at length, combined across sampled wells, by the estimated total catch in numbers for the species in the
stratum. Since 2000, the well estimates of proportions at length make use of both the species counts and
the length measurement data. Details of the estimators can be found in WS-BET-06-02.

The fisheries that catch the smallest sized fish are the bait boat (pole and line) and the floating object
purse-seine fisheries (Figures 5A and 5B). The fisheries that catch the largest sized fish are the dolphin
associated purse-seine fisheries and the longline fisheries. Trends over time are seen in the average size
fish caught by the purse-seine fisheries (Figure 5B).

2.4.1.B Longline

The length-composition data for longline fisheries are used in preliminary runs to obtain the best fit for
the asymptotic selectivity of the longline fisheries. The models composing the reference table are not fit
to these data because of the potential spatial structure of the yellowfin tuna population in the EPO and
the assessment is focus on the portion of the population exploited by the purse-seine fishery.

The length-composition data for longline fisheries in this assessment are based on 1) new monthly 1° x 1°
length-frequency data for the Japanese commercial fleet; 2) new monthly 1° latitude x 1° longitude catch
and effort data for individual Japanese commercial vessels; and 3) 5° latitude x 5°longitude quarterly long-
line catch data reported by CPCs. The length-composition data should be representative of all longline
catches, so the monthly 1° cell length-frequency observations are raised to the fishery catch in a quarterly
5° cell in the same strata, as follows:

1. Raise monthly Japanese 1° x 1° length-frequency data (with 1 or 2 cm resolution) to total Japa-
nese catch in the same strata;
2. Aggregate the raised data from step 1 to quarterly 5° x 5° catch;
3. Raise the aggregated length-frequencies from step 2 to the total catch of all CPCs in the same
strata;
4. Aggregate the raised length-frequencies from step 3 in the longline fisheries 29 to 35 of Table
3.1
The length compositions, from 20 cm to 198+ cm, are aggregated at 2-cm intervals, and their input sample
sizes are computed as the total number of fish sampled divided by 100. The input sample sizes for every
longline fishery have decreased continuously since the mid-1990s and reached very low values in most
recent quarters due to the decline in the catches in the Japanese fleet and the switch in sampling strategy
from crew samplers to observers onboard, and thus fewer fish being sampled.

2.4.2. Survey

The length frequencies of yellowfin tuna associated with the index of abundance were also obtained from
the standardization of the data from the dolphin-associated purse-seine fishery using VAST, with the in-
clusion of a multivariate response variable (Thorson and Haltuch 2018, Maunder et al. 2020b). The data
used were the length frequencies collected by the port-sampling program. The length frequencies raised
to the well catch, were aggregated by quarter, 5° cell and set type aggregated. The aggregated data was
raised to the catch in a stratum using data from the observer and logbook databases. Strata were defined
as quarter-5°cell combinations. The vessel and spatial cell selection criterion was the same as the CPUE.
The multivariate response variable was length specific catch rate (in ton day-! fished). The length fre-
qguency classes were defined by 10 cm intervals, from 20 to 190 cm.
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The models treats the encounter probability and positive catch rate separately, with logit and log links,
respectively. The linear predictors are spatial and the temporal (year-quarter) components. The spatial
component is represented by 30 spatial knots (that aggregate the 5°cells to improve computational effi-
ciency). The sum of the indices by length class were similar to the overall index (section 2.3), indicating
that the standardized length frequencies are a good representation of the length classes vulnerable to the
index of abundance. The model converged (gradient=0.000006) with a positive definite Hessian.

The classes with largest frequencies ranged from 40 to 160 cm (Figure 6) with most lengths within 70 to
120 cm, except in two periods: 1) from 2002 to 2007, when an increase in the proportion of small-sized
fish (<70 cm) was maintained for several quarters in a row; 2) from the end of 2014 onward, when the
proportion of large-sized fish (>120cm) increased and stayed high (Figure 6).

2.5. Age conditional on length

Age and length data (Wild 1986) were used to provide information when growth is estimated in the stock
assessment model. Wild’s data consist of ages, based on counts of daily increments in otoliths, and lengths
for 196 fish collected between 1977 and 1979. The sampling was conducted by collecting 15 fish in each
10-cm interval in the length range of 30 to 170 cm and are therefore included in the model as conditional
age-at-length. For the largest size ranges, Wild was unable to complete the sample size of 15 fish, due to
the scarcity of fish those sizes or unreadability of the otoliths (Wild 1986). The daily periodicity of the rings
has been validated for fish from 25 to 146 cm (Wild and Foreman, Yamanaka 1990, Wild et al/ 1995) and
in larvae up to 16 days after hatching (3-7 mm standard length) (Wexler et al. 2001). The maximum age
obtained was 4 years old (Wild 1986). In the model, the data was included as age frequency (quarters)
aggregated by length class and not disaggregated by sex, and it was assumed that the data were sampled
from fishery F18-DEL_C, a dolphin associated purse-seine fishery that catches a wide range of fish sizes
(Figure 5A), and at the beginning of the period modelled (1985). Figure 7 shows the age frequency condi-
tional on length class and the fixed assumption for growth (see 3.1.1)

3. ASSUMPTIONS AND PARAMETERS

An integrated statistical age-structured stock assessment model was used to do the benchmark assess-
ment of yellowfin tuna in the EPO for 2019 (Stock Synthesis Version V3.30.15; 2020 03 26, Methot and
Wetzel 2013). Two subsequent unreleased versions (V3.30.15.03-opt and V3.30.15.04-safe, provided by
Rick Methot, NOAA Fisheries) were used to estimate the variability of Feur/Fumsy, Feur/Fumt and dynamic SO.
Francis weights, recruitment deviation bias corrections and other auxiliary quantities and graphs were
produced using the R library rd4ss (version 1.38.0), the set of packages from tidyverse (1.3.0) and original
code available from the IATTC repository IATTCassessment.

The first year of the model is 1984 and the last 2019. The start year differs from the previous stock assess-
ments, which started in 1975, because data from the purse-seine fishery with spatial information neces-
sary to standardize the index and length frequencies was limited before 1984. The time step of the model
is a quarter, 30 age classes are defined, from 0 quarters to 29+ quarters (7.25 years). The population size
structure was defined as 2-cm intervals from 2 to 200+ cm. The model is structured by sex, with sex-
specific natural mortality. The size composition are defined using 2-cm bins classes from 20 to 198+ cm
for the fisheries and 10-cm for the “survey’, from 20 to 190 cm. The models are fit to catches (with high
precision), relative abundance indices, and size composition data. Models that estimated growth were
also fit to age conditioned on length data. The observed total catches were assumed to be unbiased and
relatively precise and were fitted assuming a lognormal error distribution with standard error (SE) of 0.05.
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3.1. Biological and demographic information
3.1.1. Growth

The average length at age is assumed to follow a Schnute-Richard’s curve (Richards, 1959; Schnute, 1981)
reparameterized with L;, L, ai, a; as implemented in Stock Synthesis (Methot and Wetzel, 2013). The age
a; is the first age that the fish start following a Schnute-Richards curve, and the corresponding mean size
at this age is L;. The growth curve is adjusted to go through the size L when the fish are age a,(Methot,
2012):

1—exp (-K(a—a1))
1—-exp (-K(az—a1))

1/b
Lo= L5+ —1)( )" (Equation 1)
There is uncertainty in the growth of yellowfin tuna in the EPO. Wild (1986) estimated L.. at 188.2 cm
using a Richards curve fit to otolith age-length data. This estimate, however, is an extrapolation well be-
yond the maximum age of 4 years in Wild (1996) study. A limited set of reliable, but restricted in its spatial
and temporal distribution, tagging data is consistent with an L, of about 172 cm.

Maunder and Aires-da-Silva (2009) estimated growth within the stock assessment model and these pa-
rameter estimates have been used in previous assessment and are used in this analysis form models that
assumed fixed growth: L;= 18.3686, L, = 182.307, a; = 0 quarter, a> = 29 quarters, K = 0.19228628
quarter-1, b =-0.542255.

Misfit of the length composition data (mainly to the fishery with asymptotic selectivity) from preliminary
runs with fixed growth indicates that the assumed growth function may not represent growth for the core
of the exploited population. Given the uncertainty in growth, models were included in the reference set
that estimate growth while fitting to the conditional age-at-length data.

The variability of size at age may also be important as this value will determine what sizes are plausible to
exist in the population. In this assessment we assumed a 7.5% CV for the variability of size at age for ages.
This value was set as a compromise between the former stock assessment assumption of 10%, which was
considered too large during the external review and the assumption of 5% used in research models pre-
sented at that review, which was considered too small. Figure 7 shows the fixed growth curve and the
variability assumption; 95% of five-year-old fish (20 quarters) have sizes ranging from 144 to 193 cm, 7.25-
year-old fish (az) have sizes between 155 and 209 cm.

The weight at age w, is obtained by replacing the average length at age L, in the length-weight equation
for yellowfin tuna in the EPO (Wild, 1986):

w, = 1.387 x 107°L3%8% (Equation 2)

3.1.2. Natural mortality

For this assessment, as in previous assessments, it is assumed that, as yellowfin grow older, the natural
mortality rate (M) changes (Maunder and Aires-da-Silva 2012). Males and females are treated separately
in this assessment, and M differs between males and females (Figure 8). The largest natural mortality is
at age zero, then declines almost linearly until they are 30 months old, then increases again for females
These values were estimated by fitting to sex ratio-at-length data (Schaefer 1998), and comparing the
values with those estimated for yellowfin in the western and central Pacific Ocean (Hampton 2000; Hamp-
ton and Fournier 2001). Maunder and Watters (2001) describe in detail how the age-specific natural mor-
tality schedule for yellowfin in the EPO was determined.

The assumed level of natural mortality for age zero has no impact on the assessment results. Recruitment
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occurs at age zero in the assessment model. Age zero is used for convenience, and the assumed natural
mortality for ages not vulnerable to the fisheries is not intended to represent the actual natural mortality,
and only arbitrarily scales the recruitment at age zero.

3.1.3. Reproductive biology and recruitment

Yellowfin tuna can spawn almost every day if the water temperatures are in the range of 24 to 30°C,
resulting in spawning year-round in lower latitudes and in the summer in higher latitudes (Nishikawa et
al., 1985; Schaefer, 1998; Itano, 2000). An “index” of total egg production (fecundity), rather than the
spawning biomass, is used in the assessment. This is obtained from the reproductive biology study by
Schaefer (1998) (Figure 9). The fecundity Of at time t at age a is given by:

PafadaNas=1t
OF = ¥29 S=1,
t a=0

1,000,000 (Equation 4)

where p, is the proportion of mature females at age q, /. is the batch fecundity at age a, d, is the fraction
of females spawning per day at age a. To obtain the p,, f,, and d,, from those quantities estimated at
length by Schaefer (1998), the average length at age was used in the equations below.

The proportion of mature females at length p; is :

p, = o —(exp (=0.059347(L~85.901241)) (Equation 5)

where L is the fork length in centimeters.

The batch fecundity (number of migratory-nucleus or hydrated oocytes in the ovary) for a female with
fork length (in millimeters) is

f, = 0.0003747 L 3180758 (Equation 6)
The fraction of females spawning per day d; at fork length L (in centimeters) is:

d, = 0.742(1 — e 0.046(L=54892)) (Equation 7)

Four recruitments are estimated in a year. Recruitment (age zero fish) is assumed follow a Beverton and
Holt (1957) stock-recruitment relationship. The Beverton-Holt curve is parameterized so that the relation-
ship between spawning biomass (fecundity in this assessment) and recruitment is determined by the av-
erage recruitment produced by an unexploited population (virgin recruitment) and steepness (h). Steep-
ness is defined as the proportion of the virgin recruitment that a population produces when reduced to
20% of its virgin state. A steepness of 1 implies that the stock may produce recruitments equal to the
virgin level, on average, at all levels of spawning biomass, while a steepness of 0.70 indicates that when a
stock is at 20% of its virgin spawning biomass, only 70% of the virgin recruitment is produced, on average.

Steepness is a key parameter of a stock assessment, but it is problematic to estimate (Lee et al. 2012). For
tunas, there is little evidence for any particular value. In previous assessments the base-case model had
the assumption of h=1. This assessment incorporates the uncertainty in steepness by including four hy-
potheses in the reference models, h=0.7, 0.8, 0.9, or 1.0.

The recruitment is assumed to vary lognormally around the stock recruitment curve with a standard de-
viation of 1 on the logarithm of the recruitment deviations. The variability of the recruitments is con-
strained by a penalty added to objective function. The recruitments are corrected so that the expected
values are unbiased. The bias correction is computed using the method of Methot and Taylor (2011).

3.1.4. Movement and stock structure

Yellowfin is widely distributed in the tropical and subtropical waters of the Pacific Ocean. Yellowfin are
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found principally in the mixed layer at temperatures between 20°C and 30°C but may perform “bounce”
dives below the thermocline for foraging during the day (Schaefer et al. 2007). Juveniles and small fish
may aggregate around floating objects while older fish may be found associated with several species of
dolphins. Although considered a highly migratory species, the tagging studies done in the EPO have indi-
cated that yellowfin tuna move in restricted areas mostly within 1000 nautical miles of their tagging loca-
tions (Fink and Bayliff, 1970; Bayliff, 1979, 1984, Schaefer et al., 2011; Schaefer et al., 2014). However,
the evidence from tagging data is not enough to support neither complete mixing nor spatial (Joseph et
al 1964, Schaefer 2009). Genomic studies are promising in detecting stock structure, and in the Pacific
Ocean some genomic evidence for heterogeneous structure exists (Grewe et a/ 2015, Pecoraro et a/ 2018).
No such study has been done within the EPO. While yellowfin tuna in the EPO may be composed of spa-
tially disaggregated units (Schaefer, 2009) the available data is insufficient to estimate movement rates
or assist in the delimitation of these units. For this assessment, as in previous assessments, it is assumed
that there is a single stock of yellowfin tuna in the EPO.

3.2. Fisheries dynamics
3.2.1. Initial conditions

The model is assumed to start from a non-virgin (fished) equilibrium state, with R, the initial recruitment
as an offset of the virgin recruitment, and Fi.it, the initial fishing mortality, being estimated, with no pen-
alty on initial equilibrium catches, thus allowing for unconstrained estimation of the initial conditions. The
initial fishing mortality was assumed to correspond fleet F16-DEL_NE. This fleet was chosen because it
catches a wide range of sizes, thus it could represent best the equilibrium fishing mortality at age for the
stock. Additionally, 16 recruitment (quarter) deviations before the start of the model initial quarter are
estimated.

3.2.2. Selectivity

The selectivity was modelled as a function of length and age, except for the “discard” fisheries, for which
only selectivity at age was assumed (fixed at 1 for ages 1 to 3 quarters, and 0 otherwise). For all other
fleets, the selectivity was fixed to be 1 for all ages, except for age zero, which had selectivity of zero.

Selectivity curves at size were assumed to be dome-shaped for most fleets and were modeled initially
using double-normal functions. The preliminary fits to the double-normal function were unsatisfactory
and indicated that more flexible selectivity functions should be used. The need for more complex and
flexible shapes for selectivity may be because the selectivity encompasses not only the gear selection
pattern but also the spatial-temporal availability of fish of different sizes. It is likely that seasonal patterns
are present because of oceanographic conditions or movement, and those will be absorbed in the selec-
tivity curves. Therefore, selectivity curves based on cubic splines were adopted (Table 2). The cubic
splines” number and location of nodes was initially obtained by fitting splines to the ratio of fish in the
catches and the numbers in the population (“empirical” selectivity), at length, obtained from preliminary
models using double-normal selectivity functions. The fits were done using an external fit in R (library
freeknotsplines). Initial fitting was performed with the suggested spline configurations and then fine tun-
ing was done. A node at the beginning and another at the end of the size distribution for the fleet was
always included to avoid extreme changes in selectivity at the tails of the distribution. The parameter for
one of the splines nodes was fixed at an arbitrary value and the values for the other nodes were estimated
relative to that fixed parameter.

The selectivity for the longline fleets and were assumed to be asymptotic and fixed to values estimated in
preliminary runs. The selectivity for the purse-seine fisheries south of 5°N were set equal to those of the
longline fisheries. The composition data for those fisheries were not fit in the reference models, only in
the preliminary runs. The selectivity for the longline fisheries in weight were “mirrored”, that is
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constrained to have the same parameter estimates, to the equivalent fishery in numbers.

The basic assumption is that selectivity is time-invariant. There are two periods that seem to depart from
this assumption (Figures 5B and 6). The first period was during, and for some quarters after, the peak in
the index of abundance in about 2002 (Figure 3). The second period occurred in the recent years, since
about 2015, when the size of yellowfin in this fishery was higher on average. Because the standardize size
compositions associated with the index (Figure 6) are derived from dolphin-associated data, those
changes in average size are also seen in the index. These uncertainties regarding selectivity were ad-
dressed in the reference set.

The dolphin-associated purse seine fishery that catches the largest yellowfin in the core area (F19-DEL_P)
was chosen as the fleet with asymptotic selectivity for which its length composition was included in the
objective function. Models with asymptotic selectivity had poor fits to this fisheries length composition
data. To improve the fit, an alternative hypothesis that this fishery has dome-shaped selectivity was also
considered in the reference set.

3.3. Data weighting

Likelihood functions encompasses not only the sampling (observation) variability, but also model misspec-
ification and unmodelled process variability. Therefore, the CVs of the index of abundance are set equal
to the CVs estimated from the standardization model plus a constant added such that the average CV for
a range of years is 0.15 (the average CV for the whole time series about 0.18).

The size composition data were assumed to have multinomial distributions with the variance proportional
to the sample size. The input sample size for the purse-seine fisheries was equal to the number of wells
sampled. The number of fish sampled within a well cannot be used to represent the sample size because
fish stored in the same well may come from the same school and thus are not independent samples and
their sizes may be highly correlated (Pennington et al. 2002). For the preliminary model runs used to es-
timate the selectivity of the longline fisheries, the length frequency of the longline fishery was used and
the sample size was set equal to the number of fish/100. The Francis method for weighting the size com-
position data was used (TA1.8 in Francis 2011). A preliminary run was conducted with weighting equal 1
and reweighting factors (“Francis weights”) were computed based on how well the model fitted the size
length composition data (Table 2). In addition to that, all length compositions with multimodal distribu-
tions were further downweighed by multiplying the Francis weights by 0.5, since it is likely that due to
processes not model explicitly (e.g. movement). Similarly, to the index of abundance, the length compo-
sition likelihood will also absorb model misspecification and unmodelled process variability.

3.4. Model diagnostics

A suite of approaches was used as diagnostics to determine whether a model fits the data well and is
correctly specified:

Index of abundance: The root-mean-square error (RMSE) of the residuals was compared to the input CV
to evaluate how well the reference models fit the index of abundance and to evaluate the validity of the
variability assumption. The residuals are inspected for trends or patterns that may indicate model mis-
specification.

Size composition data: predicted and empirical selectivity curves for every fishery that has composition
data were compared. The empirical selectivity of a fishery is defined as the average observed catch at
length from the fishery divided by the average predicted population number at length. The empirical se-
lectivity was scaled to a maximum value of 1, unless noted otherwise. If the assessment model fits a fish-
ery’s composition well, the two selectivity curves should be similar. The residuals of the length composi-
tion data were inspected for trends over time and across length classes. The effective sample size
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(McAllister and lanelli, 1997) implied by the model fit was compared to the input sample size. The effective
sample size is the size of the random sample needed, on average, to achieve a fit that is as good as the
variance in the model’s fit to the composition vector (Methot and Wetzel 2013). The better the fit, the
larger the effective sample size.

Integrated model diagnostics: Age-structure production models (Maunder and Piner 2015), catch-curve
analysis (Carvalho et al 2017), likelihood profile on the global scaling parameter (Lee et al 2014, Wang et
al 2014) and retrospective analyses (Mohn 1999, Hurtado-Ferro et al 2015) were used to detect model
misspecification, influence of different data sets, and other potential issues with the models (Appendix
A2).

4. REFERENCE MODELS

This benchmark assessment is the basis for a risk analysis that addresses the uncertainties about several
assumptions and explicitly includes uncertainty in the evaluation of stock status and formulation of man-
agement advice (SAC-11-08).

The first step to apply the risk analysis framework (SAC-11 INF-F, Maunder et al. 2020a) is to list the un-
resolved issues and uncertainties that need to be accounted for in the management advice. Then several
hypotheses are formulated that represent different states of nature that may resolve these issues or rep-
resent the uncertainties, and these are arranged in a hierarchy . The most encompassing hypotheses
(overarching hypotheses) are at the top of the hierarchy, then other levels unfold nested under the upper
levels. The main issues and uncertainties when assessing the stock status of yellowfin tuna include: a)
spatial structure; b) inconsistencies between the indices of abundance based on CPUE from the dolphin-
associated purse-seine fishery and that based on CPUE from the longline fishery; c) inability of the model
to fit the high values in the indices of abundance; d) and misfit to the composition data for the fishery that
is assumed to have asymptotic selectivity.

The overarching set of hypotheses (Level 1, Figure 10a) addresses the issue of spatial structure. Although
there is some evidence of northern and southern stocks, the divisions are not clear and mixing between
the two potential stocks may be episodic or the magnitude may be variable from year. The overarching
hypotheses for the spatial structure of yellowfin tuna in the EPO formulated were “High mixing”, “Epi-
sodic/high variability mixing”, and “Negligible mixing”. The “High mixing” overarching hypothesis is rep-
resented by single-stock models similar to previous assessments. The “Episodic/high variability mixing”
overarching hypothesis is represented by single-stock models that are driven by the north or the southern
stock data. This means that the model is fit to data for the north (south) and only uses the catch for the
south (north) while fixing the selectivity for these fisheries. The “Negligible mixing” hypothesis is repre-
sented by two independent assessments, one for the north and one for the south. Many of these models
were developed for the yellowfin tuna review and this informed the decision to eliminate all hypotheses
except the “High mixing” hypothesis from the risk analysis to make it practical to implement. This assess-
ment thus focuses on the hypotheses nested within the overarching “High mixing” hypothesis (Figure
10b).

Under the High mixing hypothesis in Figure 10b are hypotheses that address the misfit to the index of
abundance and the changes in selectivity (Level 2A), and the misfit to the length composition data for the
fishery with asymptotic selectivity (Level 2B). Models representing different steepness scenarios are
added as a third level in the hierarchy (Level 3). There are four hypotheses at Level 2A to address issues
with the index misfit and changes in selectivity:

Index is proportional to abundance (BASE): This model is most similar to previous models used to assess
yellowfin tuna in the EPO and is the basis for all the other models. This model assumes that the index is
proportional to abundance for the whole time period.
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Density dependent catchability (DDQ): This model allows the estimation of a coefficient ¢ that determines
how catchability is influenced by abundance. It is hypothesized that during periods of high abundance the
purse seine fleet that fishes on yellowfin associated with dolphins can more efficiently catch yellowfin
tuna and this will allow the model to better fit the high index observations (hyper-depletion, ¢ > 0, Methot
et al 2020).

Time block in the middle (TBM): This model allows the estimation of a block in catchability and selectivity
of the index during the period where there is peak abundance. Around this period and shortly after, the
fishery associated with dolphins catches smaller yellowfin on average. It is hypothesized that during the
period of high abundance the purse seine fleet that fishes on yellowfin associated with dolphins can more
efficiently catch yellowfin tuna and this will allow the model to better fit the high index observations, but
assumes that at other times this is not the case. It assumes that if catchability changes, selectivity is also
likely to change.

Time block at the end (TBE): This model allows the estimation of catchability and selectivity for the survey
and some fisheries during the later period where the size of fish caught by the purse seine fishery associ-
ated with dolphins is higher on average. It is hypothesized that if selectivity for the index changes, catch-
ability is also likely to change.

There are three hypotheses at Level 2B that address the misfit to the length composition data:

Fixed growth (BASE): This is the same model as above, it represents the null hypothesis that growth is well
described using the fixed parameters.

Estimate growth (GRO): The fixed value used for asymptotic length is higher than the limited tagging data,
but is somewhat consistent with the otolith data, although old fish cannot be aged using the daily incre-
ment method. The otolith data comes from before the model starts and the tagging data is limited in its
spatial and temporal distribution. Therefore, estimation of growth within the stock assessment model
may be appropriate and may allow a better fit to the length composition data for the fishery with asymp-
totic selectivity. The age conditioned on length data is also included in the model to inform the estimates
of growth.

Dome-shape selectivity (DS): This model allows the selectivity to be dome shape for the main purse seine
fishery on yellowfin associated with dolphins and estimates the parameters of the double normal selec-
tivity curve. This will allow the model to fit the length composition data better.

The combination of these hypotheses comprises the reference set of models for the assessment of yel-
lowfin tuna in the EPO (Table 3).
5. RESULTS
5.1. Model diagnostics
5.1.1. Model convergence

All the 48 model runs for yellowfin converged (produced positive definite Hessians matrices), and 28 had
small maximum gradients (< 0.001), eight had large maximum gradients (>1) (Table 4). Those with large
gradients are TBM.DS and TBM.GRO for all steepness values.

5.1.2. Fit to purse-seine indices of abundance

The RMSE and the negative log-likelihood (NLL) of the purse-seine index of abundance are used to evalu-
ate how well the models fit that data (Table 5, Figure 11). Small values for both RMSE and NLL suggest the
assessment fits the data well. The models that best fit the index of abundance were those with the
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assumption of density dependence catchability (DDQ), followed by those with the time-block in the mid-
dle of the series (TBM) (Figure 11 and Appendix A3). Of those, the models that best fit the index and had
less residual patterns (Figure A3) were the ones that estimated growth (DDQ.GRO). Changing the steep-
ness did not improve the fit; within a configuration, the models with different steepness fit the index
about the same.

The model configurations that showed fewer residual patterns over time where those that assumed a
non-linear relationship between the index of abundance and its vulnerable biomass (DDQ, DDQ.GRO and
DDQ.DS) (Figure A3). They were followed by the models with a time-block in the middle of the period
(TBM, TBM.GRO, TBM.DS). A seasonal pattern was present in the residuals of all models , with positive
residuals in quarters 1 and 2 and negative residuals in quarters 3 and 4 (Figure A4).

5.1.3. Fits to length frequency data

The results of this section focus on the model with steepness equal 1 because the fit of models with the
same configuration, except for the steepness assumption, fit the composition data almost identically, with
at most one negative log-likelihood unit of difference (Table 6).

For all fisheries and for the survey, the average effective sample size (based on McAllister and lanelli 1997)
is about 5 to 20 times larger than the input adjusted sample size (Table 6). As expected, the survey length
frequencies are fit best by models that have blocks in selectivity. The fit of different model configurations
to the length frequency composition is very similar for all but three fisheries: F3-OBJ-C_Q14, F18-DEL_C
and F19-DEL_P. F19-DEL_P is the fishery that has the asymptotic selectivity assumption in three of the
models, and dome-shape in three models, and blocks of selectivity (asymptotic and dome-shape) in six
models. The models that fit this data best are TBM.DS. F18-DEL_C is one of the fisheries with the largest
catches during all the assessment time period (Figure 2), and it is the fishery that shows an increase in the
average size in recent years (Figure 5B) . These data are fit best by the models that consider that the index
is non-linearly related to abundance (DDQ, DDQ.DS and DDQ.GRO). Finally, F3-OBJ-C_Q14 is a floating
object fishery that expanded after the mid-1990s and has a skewed length frequency distribution towards
larger sizes (Figure 5A).The models that fit these data best are those that estimate growth (DDQ.GRO,
GRO, TBE.GRO and TBM.GRO).

Another way to visualize how well the models fit the length composition data is through the empirical
selectivity. The two curves should be similar if the model is a good fit to the data. Figure 14 shows this
plot for BASE h=1. The fit to most of the length frequency data is similar, except for F19-DEL_P, which is
fit better by the model that assumed dome-shaped selectivity (Figure 15).

Residual plots are shown for the survey, and fisheries F18-DEL_C and F19-DEL_P (Figure A5). The negative
residuals after 2000 improve using the models with a time block at that time (TBM, TBM.GRO, TBM.DS).
The trend towards positive residuals at the end of the time series is reduced by the models that have a
time block at the end (TBE, TBE.GRO and TBE.DS). Finally, the trends towards negative residuals for larger
sizes for F19-DEL_P is improved by the models that either used dome-shaped selectivity or estimated
growth.

5.1.4. Overall fit

The overall fit was assessed using AIC (Akaike Information Criterion). Because some models are also fit to
the conditional age-at-length, the AIC was computed without this component to make it more comparable
among models. The comparison is an approximation, however, since the models that do not use the con-
ditional age-at-length are expected to have better AIC scores than the models that use it; this is because
the latter models’ fit to the data will still be affected by the conditional age-at length. The models that fit
the data best where TBM.DS and any steepness (Table 7).
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5.1.5. Integrated model diagnostics
5.1.5.a Age-structured production model and catch-curve analyses

The ASPMs do not show similar trends to their reference models (Figures A6-A8). The ASPM for all models
starts from a depleted state, then increases to two to three times the virgin biomass, and stabilizes at a
spawning biomass ratio of one in 1990 to 2019. ASPM models estimating recruitment deviations (ASPM-
R) show population trajectory trends that are more similar to the reference model but at a much lower
spawning biomass ratio. Only the ASPM-R with density depended catchability (DDQ) configurations (DDQ,
DDQ.GRO and DDQ.DS) have a positive definite Hessian. Of these, only the DDQ configuration, however,
has confidence intervals that overlap with the reference model. These results indicate that information
on relative recruitment over time is needed to extract absolute abundance information from the abun-
dance index.

The CCAs are aligned with reference models in several periods (Figure A7). The CCAs, both the one based
on the standardized length composition corresponding to the index of abundance and the one based on
the fisheries length compositions, show similar results. The beginning of the series for BASE, TBM and
GRO, are markedly different between the refence models and the CCAs. The implied index of abundance
for the CCAs also shows that for an index to follow the same pattern that the CCAs are inferring, it should
be stable along the whole period, but with large interannual variations (Figure A8). This, in addition to the
ASPM results above, indicates that the scale of the models is highly influenced by the composition data,
but the index of abundance is needed to inform or constrain the temporal variation and trends.

When the trajectories of the CCA and the integrated models are dissimilar, there is an indication of model
misspecification (Figure A7). The discrepancies observed in the BASE model around the year 2000 and
from 2015 on, are solved by the TBM and TBE configurations. The DDQ reference models have better
overall match with the CCAs. This indicates that the length composition data and the index tend to support
similar trajectories when either the index is assumed to have a non-linear relationship with the vulnerable
biomass or when there is a block of catchability and selectivity for the index and the main fisheries (F18-
DEL_C and F19-DEL_P).

Some assumptions seem key to solving model misspecification while others have no effect. The dome-
shape selectivity assumption and the change in catchability seem key, while estimating growth is not im-
portant. The TBE and the DS reference models have better correspondence with the CCAs except in 2001-
2007, when the CCA predicts smaller biomass than the reference models, and around 2010 when the CCA
predicts larger biomass (Figure A7). The TBM solves the 2001-2007 discrepancies. The models that esti-
mate growth have similar patterns to those with fixed growth (and identical otherwise). This indicates
that understanding the changes in fisheries strategies (e.g. gear, search behavior, market demands for
larger fish) are a central part for assessing the yellowfin tuna population.

5.1.5.b Likelihood profile on Ry

This diagnostic is helpful in determining the relative importance of different data components on the es-
timates. The likelihood profile on Ry (in log scale) indicates that the results for all model configurations
are driven by the length composition data, except for GRO and TBE.GRO (Figure A9). For TBM, and to
some extent for TBM.GRO, although the length composition data is the most influential component, it is
not in contradiction with the index of abundance. This means that including a time-block when the index
indicates large abundance may resolve some model misspecification.

5.1.5.c Retrospective analyses

The retrospective analyses show the behavior of the models when new data are added. Two model con-
figurations showed instabilities when data from progressive years were removed (DDQ.DS for both
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spawning biomass ratios (SBR, ratio of the index of spawning biomass over the virgin spawning biomass)
and F, and TBM.DS, for F) (Figures A10 and A11). These issues were not resolved even after several at-
tempts to start the model fits from different starting value. The other model configurations that treated
the index as one continuous series linearly related to the biomass (BASE, GRO and DS) showed retrospec-
tive pattern, both in the spawning biomass ratio and in the fishing mortality. The other models show no
important changes in the results by sequentially removing data for the terminal years, indicating that
addressing misspecifications in the observation model for the index of abundance, and in the selectivities
for the main fleets and survey, improves the robustness of the models.

The previous assessment was not considered reliable for management advice because it was too sensitive
to the addition of new abundance index data from the longline fishery (SAC-10-INF-F). These data are no
longer used in the assessment and this may be why most models are now not over-sensitive to new data.

5.1.6. Parameter estimates
5.1.6.a Initial conditions

All models estimate that the population starts from a depleted state in 1984 (Spawning biomass ranging
from 14% to 72% of unexploited)

5.1.6.b Selectivity

In general, estimated selectivities follow the empirical selectivities well (Figure 12), except for fishery F19-
DEL-P, for which the fit depends on the model assumptions. Differences in the selectivity of F19-DEL-P
occurs primarily at large sizes (Figure 13). When assuming asymptotic selectivity, the selectivity at sizes
>100 cm is estimated to be 1. In comparison, when assuming dome-shaped selectivity, selectivity is esti-
mated to reach the peak (i.e., 1) at around 100 cm before dropping to a final (at L) level of about zero
(DS runs). The runs that estimate growth predict no or a very low proportion of large fish (>175cm). The
models with a time block at the end (TBE)have better correspondence between the estimated selectivity
for smaller sizes and the empirical selectivity . This is because most of the time series has dome-shaped
selectivity (Figure 15). Fit is improved by the models that either used dome-shaped selectivity or esti-
mated growth. However, models that estimated growth predicted no fish in some size classes with fish of
those sizes in the observations (Figure 14). The TBM models estimated differences in selectivity for small
fish in the index of abundance and for large fish in the fisheries. The TBE models estimated a shift towards
larger sized in the selectivity curve of the F19- DEL-P fishery after 2015, as expected (Figure 14).

5.1.6.c Catchability and density dependence

The catchability estimates for the index of abundance at the end of the time-series ranged from 86% to
91% of the catchability value for the earlier period (Table 8). The catchability estimates for the index of
abundance in the block in the middle of the time-series are 164% to 182% of the catchability for the rest
of the time period, almost doubling the catchability during that period. The density-dependent parameter
ranged from 1.7 to 2.1.

5.1.6.d Growth

The estimated growth curves differ in two main ways from the fixed values (Figure 15): L; is about 21 cm
instead of 18.4 cm and L; is smaller than the fixed value. The estimates of L, range from 149.4 to 161.9
cm. Because L, is the average size of the oldest fish, and given the assumed CV=0.075 of variation of length
at age, a fish of age 29 quarters as large as 182.4 or more might still be found in the population, but with
smaller probability (about 16 fish in 10,000 would be that large or larger). Another implication of the
estimated growth function is that fish stop growing at about 4 years of age.
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5.2. Stock assessment results
5.2.1. Recruitment

Time series of estimated quarterly age-zero recruits are shown in Figure 16A, annual recruits in Figure
168B.

The recruitment estimates are not sensitive to the value of steepness. All models estimate an initial period
of above average recruitment, which culminated with the largest recruitment in 1999 and lasted to about
2000, followed by lower than average recruitments. This pattern follows the general trend shown in the
index of abundance. All models have an increase in the point estimate of recruitment in the last year, but
with a large confidence interval. This large confidence interval is expected since there is not much infor-
mation in the data about recruitment in the most recent year.

The general patterns vary in their magnitude for the different configurations. For example, the large 1999
recruitment is much larger in the DS model than in the TBM.DS model, where most of the increase in the
index is attributed to a change in catchability, rather than the result of a very strong recruitment. In the
TBM.DS model, the 1999 recruitment is comparable to the 1993 one. The DDQ models have less pro-
nounced difference between the high and the low recruitment periods, as much of the differences are
absorbed in the non-linear relationship between the index and abundance. The DS models have the op-
posite pattern: recruitment in the high recruitment period is much larger than in the low recruitment
period. Models that estimate growth have similar point estimates of recruitment as their fixed counter-
part but have an increase in the uncertainty of the estimates, as expected. Assuming a dome-shape selec-
tivity for fleet F19-DEL_P also increased the uncertainty of the recruitment estimates, especially

Similar to the recruitment results, spawning biomass estimates are not sensitive to steepness (Figure 17).
However, they differ in a key point: the estimate of equilibrium virgin biomass. This translates to differ-
ences among the steepness runs in the spawning biomass ratios (Figure 18). The models with steepness
equal to 1 have the least depleted series and those with steepness of 0.7 have the most depleted series.
All the point estimates of the trajectories with different steepness, however, are within the confidence
intervals of each other.

All biomass trajectories have declining trends, but they vary in the magnitude of the declines. In one ex-
treme, those with the most pronounced declines assume a time-block in the middle of the timeseries
(2001-2003) of the index of abundance, which isolates the period of the sudden increase in the abundance
index with its own catchability, and the TBM.DS has the largest biomass decline. The models that assume
that that increase in the index of abundance in 2001-2003 are real, and not a sudden change in catchabil-
ity, estimate less declines over time (e.g. BASE, GRO, DS, TBE). At the other extreme, the models that
assume a non-linear relationship between the index and the biomass (DDQ, DDQ.GRO and DDQ.DS) esti-
mate the least declines. All models show the lowest SBR in mid-2016 and an increasing trend afterwards.

5.2.2. Fishing mortality (F)

Regarding fishing mortality, similarities and contrasts among models are also apparent (Figure 18). The
main similarities are in the relative magnitude of fishing mortality (F) between age classes. All models have
the highest F on fish aged 21+ quarters (5.25 years-old and older), followed by fish aged 11 to 20 quarters
(2.75-5 years). The lowest fishing mortality at age is on the youngest fish and is about the same for all
models. All models estimate an increase in fishing mortality for the two oldest age classes over time.

The main difference among models are in the magnitude of F for the oldest age classes. The models with
fixed growth have the highest F for age 21+ fish, when comparing with those that estimate growth or
assume dome-shape selectivity. This is because the fixed growth models assume that older fish have larger
sizes (L,=182.6 cm), and since these sizes are rare in the observations, that means that the fishing mortality
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must be high. The models that estimate growth explain the scarcity of those large size fish in the obser-
vations by decreasing the average size of the older fish (L, from 149.4 to 161.9 cm) making the proportion
of large fish smaller (given the CV of length at age is 7.5%), as seen in the data. The models that assume
dome-shape selectivity assume that the reason there are no large fish in the data is because those sizes
are not vulnerable to the purse-seine fisheries that operate north of 5°N (the fisheries that provide the
length frequency data used to fit the models). The models that estimate a time block in selectivity of both
the index and the F19-DEL_P fishery, from 2015 on (TBE,TBE.GRO and TBE.DS), isolating the period of
large increase in sizes with a different selectivity, assume dome-shape selectivity before 2015, thus explain
the lack of large size in the past by assuming those fish where not vulnerable to the purse-seine fishery
before 2015. It is intriguing that models with a time-block in the middle (TBM, TBM.GRO and TBM.DS)
estimate the same low fishing mortality as the TBE ones. By using a time block for the index catchability
(2001-2003) and selectivity (2002-2007), the TBM model estimate a biomass trajectory analogous to the
TBE models, given that the catches are fixed, that translates into similar fishing mortalities.

5.3. Fisheries impacts

This is analysis compares the impact on the spawning biomass of fisheries that have different selectivities
(Wang et al 2009). The impact for each type of fishery was estimated by projecting the population without
their catches and obtaining the resulting spawning biomass (index of spawning output in this assessment).
The increased spawning biomass in the absence of the catches of those fisheries in relation to the current
spawning biomass indicates the impact of those fisheries.

All models estimate similar impacts of the different types of fisheries (Figure 20). The longline and the
sorted discards have the smallest impact while the largest impact over most of the period is by purse-
seine associated with dolphins. The unassociated fisheries had the second largest impact in early years.
Since about the nineties, the impact of the floating object fisheries started to be important. The impact of
these fisheries surpassed that of unassociated fisheries around 2008 and ten years later, in 2018, it sur-
passed the impact of the purse-seine fisheries associated with dolphins. In 2019 the fisheries with the
largest impact where the floating object fisheries

5.4. Comparison with the previous assessment

One of the main differences between this assessment and the previous one is on its use of the data avail-
able. Previous assessments, including the SAC10 assessment, were fit to 5 indices of abundance, one from
the longline fishery and four from the purse-seine fisheries. The longline index was based on standardized
CPUE from the Japanese fleet. The purse-seine indices were nominal CPUEs and were limited to certain
areas of the EPO. The purse-seine and the longline indices had inconsistencies that were considered a
major issue for the previous assessments. A new spatio-temporal modeling framework was developed
and applied to the CPUE data to create new indices, but the inconsistencies were not resolved. Standard-
ized length frequencies suggest that the two indices may be indexing different groups of fish. The promi-
nent index peak in 2001-2003 that seems to occur earlier in the longline index and later in the purse-seine
index, opposite to what was expected given the growth and selectivity assumptions of the model, was
due mainly to the 1998 cohort (of an important El Nifio year) in longline fisheries and to the 1999 cohort
(of an equally important La Nifia year) in purse-seine fisheries. Why these indices tracked those two co-
horts differently is still an unresolved issue for future research. Also, how or if other cohorts, of smaller
magnitude, may be subject to the same phenomenon, it is unknow. One of the hypotheses is spatial het-
erogeneity, which is somewhat addressed in the current model that is fit to a purse-seine index of abun-
dance for the EPO north of 5°N and also to the length composition data from the purse-seine fisheries
that fish north of 5N, but not fisheries to the south.
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Results of the current assessment and the previous differ in the uncertainty of the estimates (Figure A12).
The uncertainty in the SAC10 model was very small, because there were limited combinations of param-
eter values that allowed the model to fit the contradictory information from the indices, and from the
larger data weighting of length composition data relative to new models, which implement the Francis
method of composition data reweighting. The confidence intervals for any model in the current assess-
ment are much wider than the SAC10 model.

Another important difference between the SAC10 model and the current assessment are the fishery def-
initions and the assumed selectivity for each fishery. The fisheries in the current assessment were defined
using a regression tree analysis that maximized the differences in size composition among fisheries and
minimize the difference within fisheries (in space and time). Then, splines were used to best characterize
the selectivity for each fishery. Splines allowed more flexibility in the shapes of the selectivity functions
than those used for the SAC10 model (double-normal functions). In the current assessment the mortality
at size was better characterized, which changed the estimated fishing mortality at age. The SAC10 model
estimated larger fishing mortality at age for ages 10 to 21 (Figure 3 in SAC-10-07), while this assessment
estimates that the fishing mortality for fish age 21+ may be as large or larger (Figure 19) . All models have
a lower fishing mortality for fish younger than 10 quarters, similarly to SAC10, but even lower than SAC10,
due to a larger number of recruits being estimated in all models. This is also related to selectivity functions
with a narrower range of lengths in the floating object fisheries, corresponding to better fits to the length
frequencies, which translate in some ages not being fully selected to the floating objects.

The relative impact of different fisheries is similar from this assessment (Figure 20) and SAC10 (Figure 4 in
SAC-10-07) as well as the tendency of increase in F. The tendency for an increase in the impact of the
floating object fisheries and the decrease of impact of the unassociated fisheries shown in previous as-
sessments, is also estimated for all models of the reference set. The overall fishing mortality has increased
in recent years, similar to what was estimated by the SAC10 assessment.

6. STOCKSTATUS

The stock status of yellowfin tunain the EPO is assessed by considering calculations based on the spawning
biomass and the maximum sustainable yield (MSY). Maintaining tuna stocks at levels capable of producing
MSY is the management objective specified by the IATTC Antigua Convention.

6.1. Definition of reference points

Resolution C-16-02 defines target and limit reference points, in terms of biomass and fishing mortality.
Based on the resolution, the definitions of those reference points are listed below together with the
method used to compute them in this document.

6.1.1. Limit reference points

The spawning biomass limit reference point (Sumir) is the spawning biomass threshold that should be
avoided because being more depleted could endanger the sustainability of the stock. The S, mir adopted
as interim by the IATTC (in the 87" meeting) is the spawning biomass that produces half of the virgin
recruitment given that the stock-recruitment relationship follows the Beverton-Holt function with a steep-
ness of 0.75. This spawning biomass is equal to 0.077 of the equilibrium virgin spawning biomass (Maun-
der and Deriso 2014 — SAC-05-14). The resolution further established an interim harvest control rule that
requires action be taken if the probability of the spawning biomass at the beginning of 2020 (Scurrent) being
below Sumir is greater than 10%. Thus, for the purpose of providing management advice, Scurrent/Sumir and
the probability of this ratio being smaller than 1 (by assuming the probability distribution function for the
ratio is normal) are included in the management table.
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The limit reference point of fishing mortality (Fumir) is the fishing mortality threshold that should be
avoided because fishing harder could endanger the sustainability of the stock. The Fumir adopted as in-
terim by the IATTC (in its 87th meeting) is the fishing mortality rate that, under equilibrium conditions,
maintains the spawning population level at Sumir. The interim harvest control rule requires action to be
taken if the probability of the average fishing mortality in 2017-2019 (Fcurrent) being above Fumir is greater
than 10%. Thus, to provide management advice, Feurrent/Fumit and the probability of this ratio being larger
than 1 (by assuming the probability distribution function for the ratio is normal) are included in the man-
agement table.

6.1.2. Target reference points

The target reference point of spawning biomass is the level of spawning biomass that should be achieved
and maintained. The spawning biomass that produces the MSY (Sysy) was adopted by the IATTC (in the
87" meeting) as the interim target reference point for tropical tunas in the EPO. The resolution mentions
that when dictating rebuilding targets, actions are required to allow for at least 50% chance of rebuilding
the spawning biomass to the dynamic MSY level (Susy ) within 5 years or two generations. Here, Susy 4 is
derived by projecting the population into the future under historical recruitment and a fishing mortality
rate that produces MSY (Fusy). The value of Susy 4 used to compute reference points for yellowfin is the
mean projected spawning biomass for the last four projection quarters. To provide management advice,
Scurrent/Smsy_ ¢ and the probability of this ratio is smaller than 1 (by assuming CV is equal to that of Fer-
rent/Fmsy) are included in the management table.

The target reference point of fishing mortality is the level of fishing mortality that should be achieved and
maintained. Fusy was adopted by the 87™ meeting of the IATTC as the interim target reference point for
tropical tunas in the EPO. Thus, to provide management advice, Feurreny/Fusy and the probability of this ratio
is larger than 1 (by assuming the probability distribution function for the ratio is normal) are included in
the management table. Also, the inverse of Feurrent/Fumsy, F multiplier, is also included in the management
table.

In the Kobe plot (Figure 21), the time series of Susy 4 is computed based on two approximations: (1) Susy a1
=S50 d (Smsv/So), Where Sy 4 is the dynamic spawning biomass with the absence of fishing and Susv/So is the
depletion level that, under equilibrium, produces the maximum sustainable yield; (2) Susy 42, Which is de-
rived by projecting the population for the future under F=Fusy and historical recruitment. The two approx-
imations are weighted as follows to obtain the trajectory of Susy 4(t) in the Kobe plot:

Swmsy d (t) = p(t) Smsy d1 (t) +(1-p(t)) Smisy_d2 (t) Equation 8)
where p increases linearly as a function of year (t) from 0 in the start year to 1 in the end year.

The dynamic MSY (MSY_d) in the management table is also derived by projecting the population into the
future under historical recruitment and Fuysy. We assume that MSY_d is the sum of the projected total
fishery catches for the last four projection quarters.

6.2. Estimates of stock status

According to the 48 reference models, the point estimate for the spawning biomass at the beginning of
2020 ranged from 49% to 219% of the dynamic spawning biomass at MSY (Table 9, Figure 21). The prob-
ability that the spawning biomass at the beginning of 2020 is lower than the dynamic MSY level is 50% or
less for 13 of the 48 models. The point estimate of the 2017-2019 fishing mortality ranged from 40% to
168% of the fishing mortality at MSY. The probability that the fishing mortality in 2017-2019 was higher
than the MSY level is 50% or more for 14 of the 48 models.

The point estimate for the spawning biomass at the beginning of 2020 ranged from 145% to 345% of the
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Sumir. The probability that the spawning biomass at the beginning of 2020 is below S;mr ranges from 0 to
2%. The point estimate of the 2017-2019 fishing mortality ranged from 22% to 65% of the Fir. The prob-
ability that the fishing mortality in 2017-2019 was higher than F,vr was estimated to be zero for all mod-
els.

Every reference model suggests that a lower steepness value corresponds to more pessimistic estimates
of stock status: lower spawning biomass relative to the reference points and higher fishing mortality rel-
ative to reference points. However, regardless of what value is assumed for steepness, all models that
assume either fixed growth, a linear relationship between the index of abundance and the vulnerable
biomass or no changes in selectivity and asymptotic selectivity for the purse-seine fishery that catches the
largest fish, estimate the stock to be overfished (S<Susv ) and that overfishing is occurring (F>Fwsy). All
models that assume dome-shape selectivity for the purse-seine fishery that catches the largest fish, esti-
mate the stock as not overfished (S>Susv 4) and that overfishing is not occurring (F<Fusy). There is consid-
erable uncertainty associated with those estimates (Figure 21); several models that are in the green quad-
rant of the Kobe plot (Figure 21) have confidence intervals that include the yellow and red quadrants,
implying that those models also provide some support for the hypotheses that the stock is overfished
and/or that overfishing is occurring.

The results of all this models are used in a risk analysis (SAC-11-08) to evaluate the probability of exceeding
the reference points specified in the harvest control rule.

7. FUTURE DIRECTIONS

Recommendations of the external review panel, as well as lessons learnt in this benchmark assessment
will be taken into account in future work. Specifically, the staff plans to focus on:

Collection of new and updated information

e Continue its collection and analysis of purse-seine data (catch, effort, and size-composition)
e Continue collaborative work with longline CPCs
e Continue tagging and biology studies and analyses

Refinements to the assessment model and methods

e Address uncertainty in spatial/stock structure

e Continue research on CPUE and length frequency standardization methods

e Work with purse-seine CPCs to understand changes in fishing strategies to inform selectivity
modelling

e Continue exploring uncertainty in growth and selectivity

e Explore uncertainty in natural mortality

e Explore different stock assessment time spans, initial conditions and types of models
(monthly/weekly models, depletion models)

e Explore other integrated model diagnostics
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FIGURE 1. Areas corresponding to the fishery definitions used in the stock assessment of yellowfin tuna
in the EPO. The lines indicate the boundaries of each fishery, and the alpha-numeric labels the corre-
sponding fishery names. The fisheries are described in Table 1.
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FIGURE 2. (Top) Annual catches, by fishery (Table 1), for the stock assessment of yellowfin tuna in the
EPO. The panels with different colors have different vertical scales. (Bottom) Quarterly catches by gear.
Although all the catches are displayed as weights, the stock assessment model uses catches in numbers
of fish for longline fisheries F29 to F35. Catches in weight for the longline fisheries F29 to F35 are esti-
mated internally by Stock Synthesis by multiplying the catches in numbers of fish by estimates of the
average weights.
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FIGURE 3. The standardized dolphin purse-seine index of abundance (black line) and the associated 95%
confidence interval (gray shading) for the stock assessment of yellowfin tuna in the EPO.
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FIGURE 4. Spatiotemporal distribution of the log(density) predicted by the delta-lognormal VAST model
for the stock assessment of yellowfin tuna in the EPO.
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FIGURE 5A. Weighted average observed yellowfin tuna length composition, by fisheries and quarters; n is

the total adjusted sample size, adjusted by the weight given to the data in the models. In blue: data fit by
the reference models; grey: data not fit.
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FIGURE 5B. Average length by area over time smoothed with a lowess smoother (s=0.5)
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FIGURE 6. Standardized length composition for yellowfin tuna in the EPO, by year for 1985 to 2019. The

dashed vertical lines are at 70 and 120 cm.
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FIGURE 7. Age conditional on length for yellowfin tuna in the EPO from (Wild 1986). The size of the dots
represents the number if fish (n) for each age (in quarters), by 10-cm intervals. The black line is the fixed
growth assumption estimated externally, assumed in the fixed-growth models. The gray shaded region
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FIGURE 8. Natural mortality rates (M), by age and sex, at quarterly intervals, used for the assessment of
yellowfin tuna in the EPO.
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FIGURE 10. (a) Complete flow chart of hypotheses and models considered for the yellowfin risk assess-
ment, and (b) flow chart of hypotheses and models included in the risk analysis (see text for details).
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FIGURE 11. Model fits to the CPUE-based indices of abundance for the dolphin associated fisheries. The
black lines are the estimated indices and the gray shading shows the approximate 95% confidence inter-
vals (see text for details). The colored dots indicate the observed CPUE values, with blue dots indicating
the data corresponding to time blocks (TBM and TBE) and the red dots the data outside of those time
blocks. All models have steepness fixed at h=1. Model names are listed in Table 3.
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FIGURE 18. Spawning biomass ratios (SBRs) for yellowfin tuna in the EPO for the 48 models from the
reference set. The red dashed horizontal line (at 0.077) identifies the SBR at the limit. The solid lines
represent the maximum likelihood estimates (with colors corresponding to different values of the steep-
ness parameter, h). The shaded areas are the approximate 95% confidence intervals around those
estimates.
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FIGURE 19. Average annual fishing mortality (F) by age groups, by all gears, of yellowfin tuna recruited to
the fisheries of the EPO for all models with steepness h=1. The age groups are defined by age in quarters.
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FIGURE 20. Fisheries impact plot: trajectory of the spawning biomass (a fecundity index, see text for
details) of a simulated population of yellowfin tuna that was never exploited (top dashed line) and that
predicted by the stock assessment model (bottom solid line). The shaded areas between the two lines
show the portions of the impact attributed to each fishing method.
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TABLE 1. Fisheries defined for the stock assessment of yellowfin tuna in the EPO. PS = purse seine; LP = pole and line; LL = longline; OBJ = sets on
floating objects; NOA = sets on unassociated fish; DEL = sets on dolphin-associated schools. The areas that correspond to the fisheries are shown
in Figure 1, and the discards are described in Section 2.2.3.

Fishery Gear Type Set Quarters Catch data Unit Length Fre-
type quencies

F1-OBJ_N_Q14 PS OBJ land 4 retained catch + discards from inefficiencies in fishing biomass Fit
process

F2-0OBJ_Nc_Ql4 PS 0oBJ land4 retained catch + discards from inefficiencies in fishing biomass Fit
process

F3-0BJ_C_Ql14 PS OBJ land4 retained catch + discards from inefficiencies in fishing biomass Fit
process

F4-OBJ_Cc_Q14 PS (0]:1] land 4 retained catch + discards from inefficiencies in fishing biomass Fit
process

F5-0OBJ_S Q14 PS OBJ land4 retained catch + discards from inefficiencies in fishing biomass Fit
process

F6-OBJ_N_Q23 PS (0]:1] 2and 3 retained catch + discards from inefficiencies in fishing biomass Fit
process

F7-0OBJ_Nc_Q23 PS 0oBJ 2and 3 retained catch + discards from inefficiencies in fishing biomass Fit
process

F8-0BJ_C_Q23 PS OBJ 2and 3 retained catch + discards from inefficiencies in fishing biomass Fit
process

F9-0OBJ_Cc_Q23 PS 0OBJ 2and 3 retained catch + discards from inefficiencies in fishing biomass Fit
process

F10-OBJ_S_Q23 PS OBJ 2and 3 retained catch + discards from inefficiencies in fishing biomass Fit
process

F11-NOA_N PS NOA all retained catch + discards biomass Fit

F12-NOA_C PS NOA all retained catch + discards biomass Fit

F13-NOA_I PS NOA all retained catch + discards biomass Fit

F14-NOA_S PS NOA all retained catch + discards biomass Fit

F15-DEL_N PS DEL all retained catch + discards biomass Fit

F16-DEL_NE PS DEL all retained catch + discards biomass Fit

F17-DEL_M PS DEL all retained catch + discards biomass Fit

F18-DEL_C PS DEL all retained catch + discards biomass Fit

F19-DEL_P PS DEL all retained catch + discards biomass Fit

F20-DEL_S PS DEL all retained catch + discards biomass Not Fit

F21-DEL_I PS DEL all retained catch + discards biomass Not Fit

F22-BB LP all retained catch only biomass Fit

F25-OBJ_S_disc PS OBJ- all discards of small fish from size-sorting the catch in the biomass

Discard floating object fishery
F26-0BJ_C_disc PS 0OBJ- all discards of small fish from size-sorting the catch in the biomass
Discard floating object fishery
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Fishery Gear Type Set Quarters Catch data Unit Length Fre-
type quencies
F27-0BJ_I_disc PS OBJ- all discards of small fish from size-sorting the catch in the biomass
Discard floating object fishery
F28-OBJ_N_disc PS OBIJ- all discards of small fish from size-sorting the catch in the biomass
Discard floating object fishery
F29-LL_W_Q14n LL land 4 retained catch only numbers of fish ( x 1000) Not Fit
F30-LL_C_Q14n LL land4 retained catch only numbers of fish ( x 1000) Not Fit
F31-LL_E_Q14n LL land 4 retained catch only numbers of fish ( x 1000) Not Fit
F32-LL_W_Q23n LL 2and 3 retained catch only numbers of fish ( x 1000) Not Fit
F33-LL_C_Q23n LL 2 and 3 retained catch only numbers of fish ( x 1000) Not Fit
F34-LL_E_Q23n LL 2and3 retained catch only numbers of fish ( x 1000) Not Fit
F35-LL_W_Ql4w LL land4 retained catch only biomass
F36-LL_C_Ql4w LL land 4 retained catch only biomass
F37-LL_E_Ql4w LL land4 retained catch only biomass
F38-LL_W_Q23w LL 2and 3 retained catch only biomass
F39-LL_C_Q23w LL 2and 3 retained catch only biomass
FAO-LL_E_Q23w 2 and 3 retained catch only biomass
Indices Years Gear Quarters Observation Unit
S1-PS_DEL_VAST 1984-2019 PS Used in the benchmark assessment biomass Fit
S2- 1984 - LL land 4 Not used numbers of fish ( x 1000) Not Fit
LL_early_VAST Q14 1992
S2- 1984 - LL 2 and 3 Not used numbers of fish ( x 1000) Not Fit
LL_early_VAST_Q23 1992
S2-LL_late_VAST Q14 1995 - LL land4 Not used numbers of fish ( x 1000) Not Fit
2018
S2-LL_late_VAST_Q23 1995 - LL 2and 3 Not used numbers of fish ( x 1000) Not Fit
2018
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TABLE 2 Selectivity (at length unless noted otherwise) and weighting of composition data specified for the fisheries and surveys in the assessment.
The asymptotic curves were modeled using a double-normal function. All selectivity at age were 1.0 for ages 1 to 29 (unless noted otherwise). The
selectivity in grey were not estimated in the reference models.

Fishery F1 F2 F3 F4 F5 F6
Selectivity 12-knot spline 11-knot spline 10-knot spline 10-knot spline 9-knot spline 9-knot spline
Data weighting Francis/2 Francis Francis/2 Francis/2 Francis/2 Francis
Fishery F7 F8 F9 F10 F11 F12
Selectivity 6-knot spline 12-knot spline 14-knot spline 11-knot spline 10-knot spline 8-knot spline
Data weighting Francis/2 Francis/2 Francis/2 Francis/2 Francis Francis/2
Fishery F13 F14 F15 F16 F17 F18
Selectivity 8-knot spline 9-knot spline 7-knot spline 10-knot spline 7-knot spline Table 3
Data weighting Francis/2 Francis/2 Francis Francis/2 Francis Francis
Fishery F19 F20 F21 F22
Selectivity Double-normal Asymptotic Asymptotic 9-knot spline
Data weighting Francis 0 0 Francis
Fishery F25 F26 F27 F28 F29 F30
Selectivity ages 3-5 ages 3-5 ages 3-5 ages 3-5 Asymptotic Asymptotic
Data weighting N/A N/A N/A N/A 0 0
Fishery F31 F32 F33 F34 F35 F36
Selectivity Asymptotic Asymptotic Asymptotic Asymptotic mirror mirror
Data weighting 0 0 0 0 0
Fishery F37 F38 F39 F40
Selectivity mirror mirror mirror mirror
Data weighting 0 0 0 0 0
Survey S41 S23 S24 S42 S43
Selectivity 5-knot spline Double-normal Double-normal Double-normal Double-normal
Data weighting Francis 0 0 0 0

SAC-11-08 — Yellowfin tuna: benchmark assessment 2019

55



SAC-11-07_Yellowfin tuna benchmark assessment 2019

TABLE 3. The reference set of models for the benchmark assessment of the yellowfin tuna in the EPO

Model Growth Catchability of index Index selectivity Selectivity F19 Selectivity F18 Auxiliary data Link
1. BASE Fixed constant constant Asymptotic html
2. GRO Estimated constant constant Asymptotic age-at-length html
3. DS Fixed constant constant Dome-shape Dome-shape html
4, DDQ Fixed Density-dependent constant Asymptotic (11-knot spline) html
5.| DDQ.GRO | Estimated Density-dependent constant Asymptotic age-at-length html
6.| DDQ.DS Fixed Density-dependent constant Dome-shape html
) block:
7.| TBM Fixed baseli BISCESZ' 5 1984 — 2002.Q2 html
aseline, 2001-2003.Q: 2002.03-2007.Q3 Double-normal
block: Blocks: Block:
. Blocks: ; Asymptotic (baseline) 3 At
8.| TBM.GRO | Estimated baseline, 2001-2003.Q2 1984 - 2002.Q2 Dome-shape (2002.Q3- Dome-shape (baseline) age-at Iength htm|
2002.03-2007.Q3 2007.Q3) Dome-shape (2002.Q3-
. block: 2007.Q3)
9. TBM.DS Fixed el Blg)zlisz.ooa. , 1984 — 2002.Q2 html
aseline, 2001-2003. 2002.03-2007.Q3
10 TBE Fixed _Blocks: constant html
baseline, 2001-2003.Q2 Blocks:
11.| TBE.GRO | Estimated _ Blocks: constant Dome-shape (19é4-2014), Dome-shgpe age-at-length html
baseline, 2001-2003.Q2 . (11-knot spline)
- Asymptotic (2015-2019)
12.| TBE.DS Fixed _Blocks: fonstant html
baseline, 2001-2003.Q2
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TABLE 4. The maximum gradient of the all model runs. NA: run does not converge/Hessian is not positive definite.

1 2 3 4 5 6 7 8 9 10 11 12
Steepness BASE GRO DS DDQ |DDQ.GRO| DDQ.DS TBM |TBM.GRO| TBM.DS TBE TBE.GRO | TBE.DS
h=1 1.28E-03 | 1.40E-04 | 5.38E-05 | 2.41E-04 | 3.48E-05 | 1.63E-04 | 2.24E-03 |3.45E+00 | 1.05E+01 | 2.21E-04 | 8.28E-05 | 1.42E-04
h=0.9 |7.36E-05|7.30E-05 | 6.29E-05 | 5.52E-04 | 1.09E-02 | 3.02E-03 |5.12E-04 |3.53E+00|1.10E+00| 2.77E-05 | 4.13E-03 | 9.12E-05
h=0.8 |9.35E-05|1.32E-02 | 1.37E-04 | 2.39E-04 | 2.51E-05 | 1.62E-03 | 1.58E-04 |1.12E+01|1.27E+00| 4.51E-04 | 2.86E-05 | 3.96E-04
h=0.7 2.48E-04 | 4.12E-04 | 6.67E-05 | 2.85E-02 | 1.30E-03 | 6.18E-04 | 1.02E-03 |4.41E+00|9.80E+00| 1.61E-03 | 8.23E-04 | 1.41E-03
TABLE 5 Root mean square error (RMSE) and negative log-likelihood (NLL) for the index of abundance for all model runs.
1 2 3 4 5 6 7 8 9 10 11 12
Steepness BASE GRO DS DDQ |DDQ.GRO| DDQ.DS TBM |TBM.GRO| TBM.DS TBE TBE.GRO | TBE.DS
RMSE
h=1 0.23 0.23 0.19 0.20 0.21 0.21 0.21 0.22 0.22 0.22
h=0.9 0.23 0.23 0.22 0.22 0.20 0.20 0.21 0.21 0.21 0.22 0.22 0.22
h=0.8 0.23 0.23 0.23 0.20 0.19 0.20 0.21 0.21 0.21 0.22 0.22 0.22
h=0.7 0.23 0.23 0.23 0.20 0.19 0.20 0.21 0.21 0.21 0.22 0.22 0.22
NLL differences to the lowest (NLL=-164.85)
h=1 32.3 34.8 32.3 4.5 0.0 2.5 16.0 17.3 16.2 31.8 32.1 32.0
h=0.9 32.3 34.8 32.3 4.5 0.1 2.5 16.0 17.3 16.2 31.8 32.1 32.0
h=0.8 32.4 34.9 32.4 4.5 0.1 2.6 16.0 174 16.3 31.9 32.2 32.0
h=0.7 32.5 35.2 32.5 4.5 0.1 2.6 16.0 174 16.3 32.0 32.4 32.2
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TABLE 6. Average adjusted input sample size (n adj) and average effective sample size for each fishery and for the survey, by model configuration
with steepness h=1. LP = pole and line; LL = longline; OBJ = sets on floating objects; NOA = sets on unassociated fish; DEL = sets on dolphin-
associated schools. The fisheries area defined in Table 2.1 and areas are shown in Figure 2.1. The cells in gray are of length composition data not

use in the model. The names in bold are the fishery with the largest ranges in effective sample size.

Effective n
nadj BASE DDQ DDQ.DS DDQ.GRO DS GRO TBE TBE.DS TBE.GRO TBM TBM.DS TBM.GRO Range

Survey 11.8 59 62 63 63 61 60 64 64 65 64 64 63 7
Fishery

F1-OBJ_N-Q14 7.3 63 64 63 61 62 61 62 62 61 63 63 61 3
F2-OBJ_Nc_Ql14 6.1 36 35 35 35 36 35 36 36 35 36 36 35 1
F3-0OBJ_C_Q14 9.4 58 59 59 72 58 70 59 59 70 59 59 72 14
F4-0OBJ_Cc_Ql4 4.0 33 33 33 32 33 32 33 33 32 33 33 32 2
F5-OBJ_S_Q14 3.6 40 39 38 38 40 40 41 41 40 40 39 39 3
F6-OBJ_N_Q23 9.4 83 83 82 87 83 88 83 83 88 83 83 87 6
F7-OBJ_Nc_Q23 4.1 38 37 37 35 38 36 39 39 36 38 38 35 4
F8-OBJ_C_Q23 6.8 55 55 54 52 55 53 55 55 52 55 55 53 3
F9-0OBJ_Cc_Q23 3.8 30 30 30 31 30 32 30 30 31 30 30 31 2
F10-0OBJ_S_Q23 4.8 25 26 26 25 25 24 25 25 25 26 26 25 1
F11-NOA_N 5.3 63 61 61 61 63 62 63 63 62 63 62 62 2
F12-NOA_C 2.3 25 25 25 24 25 25 25 25 25 25 25 25 1
F13-NOA_|I 2.0 33 33 33 34 34 34 34 34 34 34 34 34 1
F14-NOA_S 3.0 22 21 22 21 22 21 22 22 21 22 22 21 1
F15-DEL_N 41 108 107 106 105 109 107 109 109 109 109 109 108 4
F16-DEL_NE 7.5 113 113 113 114 114 115 114 114 116 114 115 115 3
F17-DEL_M 3.8 53 53 53 53 53 54 53 53 54 53 53 53 1
F18-DEL_C 7.8 159 161 162 162 160 160 160 160 160 155 157 155 8
F19-DEL_P 6.2 105 110 111 111 110 107 110 110 111 108 114 111 9
F20-DEL_S 4.2 61 69 48 101 44 103 52 50 66 53 40 92 63
F21-DEL_| 4.5 45 47 39 50 37 50 40 39 41 41 35 47 15
F22-BB 5.2 45 45 45 50 45 50 45 45 50 45 45 49 5
F29-LL_W_Q14n 6.9 44 49 41 55 38 54 42 41 45 42 37 52 18
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Effective n
nadj BASE DDQ DDQ.DS DDQ.GRO DS GRO TBE TBE.DS TBE.GRO TBM TBM.DS TBM.GRO Range
F30-LL_C_Q14n 8.9 58 67 55 77 49 76 54 53 62 55 47 74 31
F31-LL_E_Ql4n 2.8 18 19 17 18 16 18 17 17 17 18 17 18 2
F32-LL_W_Q23n 5.0 47 52 45 52 42 49 45 44 45 45 40 48 12
F33-LL_C_Q23n 3.4 31 35 28 44 26 41 28 28 31 28 25 38 19
F34-LL_E_Q23n 2.0 23 26 23 24 21 23 22 22 22 23 21 23 4
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TABLE 7 Number of estimated parameters, negative log-likelihood (NLL): (1) without the age at length data and (2) only the age at length data

Number of estimated parameters
Steepness BASE GRO DS DDQ |DDQ.GRO| DDQ.DS TBM (TBM.GRO| TBM.DS TBE TBE.GRO | TBE.DS
h=1 332 336 334 333 337 335 339 343 341 341 345 343
h=0.9 332 336 334 333 337 335 339 343 341 341 345 343
h=0.8 332 336 334 333 337 335 339 343 341 341 345 343
h=0.7 332 336 334 333 337 335 339 343 341 341 345 343
(1) NLL without age at length data
h=1 2134.1 2112.3 2127.0 2107.3 2071.6 2079.7 2087.4 2069.8 2058.9 2127.0 2035.8 2125.9
h=0.9 2133.7 2111.8 2126.6 2106.7 2071.6 2079.6 2086.8 2069.2 2058.3 2126.6 2035.5 2125.5
h=0.8 21334 2111.5 2126.2 2106.1 2071.6 2079.6 2086.3 2068.7 2057.6 2126.2 2035.2 2125.1
h=0.7 21334 2111.5 2126.1 2105.6 2071.6 2079.6 2086.0 2068.4 2056.8 2126.1 2035.1 2124.9
(2) NLL only age at length data
h=1 N/A 56.0 N/A N/A 55.8 N/A N/A 50.3 N/A N/A N/A 55.4
h=09 N/A 56.0 N/A N/A 55.8 N/A N/A 50.3 N/A N/A N/A 55.4
h=0.8 N/A 56.0 N/A N/A 55.8 N/A N/A 50.2 N/A N/A N/A 55.3
h=0.7 N/A 55.8 N/A N/A 55.8 N/A N/A 50.2 N/A N/A N/A 55.2
A AIC — no age at length data Min AIC= | 4795.7
h=1 136.6 100.9 87.0 55.3 21.5 33.7 57.1 30.0 4.1 140.2 131.7 142.0
h=0.9 135.7 99.8 85.7 55.2 21.5 33.6 56.0 28.8 2.8 139.4 130.9 141.2
h=0.8 135.1 99.2 84.5 55.1 21.5 33.5 54.9 27.7 14 138.8 130.4 140.5
h=0.7 135.2 99.4 83.5 55.2 21.6 335 54.3 27.0 0.0 138.5 130.3 140.1
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Steepness q 20152019/
TBE TBE.GRO TBE.DS
h=1 0.91 0.92 0.86
h=0.9 0.92 0.92 0.86
h=0.8 0.92 0.93 0.87
h=0.7 0.92 0.93 0.87
02001-2003.02 /0
TBM TBM.GRO TBM.DS
h=1 1.64 1.82 1.74
h=0.9 1.64 1.81 1.74
h=0.8 1.65 1.81 1.74
h=0.7 1.65 1.82 1.75
c
DDQ DDQ.GRO DDQ.DS
h=1 1.7 2.2 2.1
h=0.9 1.7 2.2 2.1
h=0.8 1.7 2.2 2.0
h=0.7 1.7 2.2 2.0
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TABLE 9. The management table for yellowfin in the Eastern Pacific Ocean. Scurrent and Suisy 4 are the spawning biomass at the beginning of 2020
and at dynamic MSY level, respectively. Fcurrent and Fusy are the fishing mortality during 2017-2019 and at MSY, respectively. Sumrand Fuwr are the
limit reference points for spawning biomass and fishing morality, respectively. Ccurrent is the total catch (in metric tons) of yellowfin in 2019 and
MSY_d is the dynamic MSY.

1 2 3 4 5 6 7 8 9 10 1 12
BASE GRO DS DDQ |DDQ.GRO| DDQ.DS | TBM |[TBM.GRO| TBM.DS | TBE | TBE.GRO | TBE.DS

h=1.0
MSY 461,752| 488,404 586,672| 425,788] 466,324| 511,876] 497,760 543,960| 710,188] 494,796] 509,932| 510,824
MSY_d 257,732| 263,175] 290,662| 271,054| 299,762| 319,271| 269,331| 288,203 353,699] 290,869] 300,961 297,008
Ceurrent/MSY_d 0.97 0.95 0.87 0.92 0.83 0.79 0.93 0.87 0.72 0.86 0.83 0.85
Swsy/So 0.32 0.24 0.27 0.31 0.23 0.27 0.30 0.23 0.26 0.29 0.24 0.29
Scurrent/So 0.15 0.16 0.21 0.22 0.27 0.30 0.19 0.20 0.26 0.24 0.24 0.25
Scurrent/SLiMIT 2.00 2.09 2.71 2.84 3.45 3.93 2.47 2.62 3.37 3.17 3.05 3.26
P(Scurrent<Sumrr) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Feurrent/FLivit 0.40 0.40 0.27 0.33 0.28 0.22 0.33 0.31 0.20 0.28 0.30 0.27
p(Feurrent™> Fumrr) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Scurrent/Smsy d 0.90 1.26 1.63 1.14 1.85 1.92 1.22 1.70 2.19 1.46 1.70 1.55
P(Scurrent<Swmis_d) 0.84 0.07 0.03 0.14 0.00 0.05 0.08 0.01 0.03 0.06 0.02 0.05
Feurrent/Fusy 1.08 0.80 0.59 0.87 0.53 0.47 0.81 0.60 0.40 0.68 0.60 0.63
P(Frecent> Fusy) 0.74 0.03 0.00 0.10 0.00 0.00 0.03 0.00 0.00 0.01 0.00 0.00

h=0.9
MSY 468,040| 481,752| 573,148 436,744| 459,168 501,548] 496,352| 528,252| 677,592| 493,256 501,144| 506,556
MSY_d 260,403| 252,946] 267,120 267,881 276,496] 293,116| 259,476| 263,425 308,512 276,548] 278,752 279,319
Ceurrent/MSY_d 0.96 0.98 0.94 0.93 0.90 0.86 0.97 0.95 0.82 0.91 0.90 0.90
Swsy/So 0.35 0.29 0.31 0.35 0.28 0.31 0.33 0.28 0.30 0.33 0.29 0.32
Scurrent/So 0.14 0.15 0.20 0.20 0.25 0.29 0.18 0.19 0.25 0.23 0.22 0.24
Scurrent/SLiMIT 1.86 1.95 2.59 2.61 3.23 3.73 2.32 2.47 3.24 2.97 3.05 3.06
P(Scurrent<Sumir) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Feurrent/FLivir 0.47 0.46 0.31 0.38 0.32 0.25 0.38 0.36 0.23 0.33 0.30 0.31
p(Feurrent™> Fumrr) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Scurrent/Smsy d 0.75 1.01 1.43 0.98 1.51 1.68 1.06 1.40 1.95 1.27 1.41 1.36
P(Scurrent<Swisy_a) 1.00 0.47 0.06 0.57 0.02 0.08 0.33 0.04 0.03 0.13 0.07 0.10
Feurrent/Fusy 1.26 0.99 0.71 1.02 0.67 0.57 0.95 0.75 0.49 0.81 0.74 0.75
p(Feurrent> Fusy) 0.97 0.46 0.02 0.59 0.00 0.00 0.34 0.02 0.00 0.10 0.04 0.06

h=0.8
MSY 483,904| 485,012| 565,840 462,136] 463,640] 498,952| 502,580| 521,748] 658,140] 499,520] 502,460| 509,704
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1 2 3 4 5 6 7 8 9 10 11 12
BASE GRO DS DDQ DDQ.GRO | DDQ.DS TBM TBM.GRO | TBM.DS TBE TBE.GRO | TBE.DS
MSY_d 269,568 251,063 249,703 271,954 261,577 272,308 254,710 248,137 276,016 268,398 266,591 267,751
Ceurrent/MSY_d 0.92 0.99 1.01 0.92 0.95 0.93 0.98 1.01 0.92 0.94 0.94 0.94
Smsy/So 0.37 0.32 0.34 0.37 0.32 0.34 0.36 0.32 0.33 0.36 0.32 0.35
Scurrent/So 0.13 0.14 0.19 0.18 0.23 0.27 0.16 0.18 0.24 0.21 0.20 0.22
Scurrent/SLIMIT 1.68 1.79 2.44 2.31 2.93 3.46 2.13 2.30 3.07 2.74 2.63 2.83
P(Scurrent<Sumir) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Feurrent/FLiviT 0.55 0.53 0.36 0.45 0.37 0.29 0.44 0.42 0.26 0.38 0.41 0.37
P(Feurrentt>> Fumit) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Scurrent/Susy a 0.62 0.83 1.29 0.83 1.29 1.51 0.92 1.20 1.81 1.11 1.21 1.20
P(Scurrent<Smsv_d) 1.00 0.94 0.12 0.97 0.08 0.11 0.75 0.15 0.04 0.30 0.19 0.21
Feyrrent/ Fusy 1.46 1.17 0.82 1.19 0.80 0.66 1.10 0.89 0.57 0.93 0.88 0.87
P(Feurrent>> Fmsy) 1.00 0.86 0.13 0.93 0.06 0.04 0.77 0.21 0.00 0.35 0.24 0.23
h=0.7

MSY 518,192 502,584| 566,512 521,896/ 488,020 508,960 521,792 526,380 650,584| 518,396 517,428 524,164
MSY_d 289,293 256,702 235,527 291,255 254,438 255,332 255,934 238,816 248,957 266,352 262,019 261,308
Ceurrent/MSY_d 0.86 0.97 1.07 0.86 0.98 0.99 0.98 1.04 1.02 0.94 0.96 0.96
Smsy/So 0.40 0.35 0.37 0.40 0.35 0.37 0.38 0.35 0.36 0.38 0.35 0.38
Scurrent/So 0.11 0.12 0.17 0.15 0.19 0.24 0.15 0.16 0.22 0.19 0.18 0.20
Scurrent/ SLIMIT 1.45 1.58 2.26 1.90 2.53 3.10 1.90 3.21 2.89 2.44 2.35 2.55
P(Scurrent<Sumit) 0.02 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Feurrent/FLimir 0.65 0.62 0.42 0.54 0.44 0.34 0.52 0.33 0.30 0.45 0.47 0.43
P(Feurrent>> Fumit) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Scurrent/Smsy a 0.49 0.68 1.17 0.64 1.09 1.35 0.78 1.03 1.71 0.96 1.03 1.06
P(Scurrent<Smsv d) 1.00 1.00 0.23 1.00 0.31 0.17 0.99 0.43 0.06 0.59 0.44 0.39
Feyrrent/ Fusy 1.68 1.36 0.94 1.38 0.95 0.78 1.27 1.04 0.65 1.07 1.01 1.00
P(Fcurrent™> Fuisy 1.00 0.98 0.38 0.99 0.37 0.15 0.95 0.60 0.02 0.64 0.53 0.49
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FIGURE A2. Comparison of nominal (red lines) and standardized (blue lines) length frequencies used to
represent the index of abundance.

SAC-11-08 — Yellowfin tuna: benchmark assessment 2019 65



SAC-11-07_Yellowfin tuna benchmark assessment 2019

BASE GRO DS
0.6 - : - . ’
034, .~ oo AL s T
T e B N T 1 R E0 PN iy
TENLNISTNT [TEIN OST TR

=0.34 PR i A B ' g
-0.61__, AT B N R (e N , ,
DDQ DDQ.GRO DDQ.DS
0.6 - — 4 — -

034 .« A AL

o o N [ oo o L. S . VU .

-0.64__ .. .. S I . '. S

TBM TBM.GRO TBM.DS
0.6 1 ; - . -
0.0 Lamacai Tadl Ll ol PAGL L il R

-064__ . . B N . . I I . .

TBE TBE.GRO TBE.DS

0.6 1 ) - 5 .

034~ oA s T A s

03 T T o T

0.6 T |= .‘I - T - T |.‘ ‘.I - T - T T T T

1990 2000 2010 2020 1990 2000 2010 2020 1990 2000 2010 2020

Residuals—Residuales

FIGURE A3. Residuals (log (observed index) — log (expected index)) for the twelve model configurations
with steepness h=1. The lines were built using the R stats::loess function for fitting a local polynomial
smoother with span=0.25.

SAC-11-08 — Yellowfin tuna: benchmark assessment 2019 66



Residuals—Residuales

SAC-11-07_Yellowfin tuna benchmark assessment 2019

Quarter
Trimestre

X BASE GRO g ; , DS
2 2 B3 2
=N SEE=——a N ==y
q T | T A Ty
-3 : -3
3 DDQ DDQ.GRO 3 DDQ.DS

g 2 4 . 2
4 Lb S == A==
0 0
/I R e B | B R == N R R e
- I - all ;fears N
3 TBM - TBM.GRO 3 TBM.DS
2 2 2
0] %ﬁ# b | 4 %%1 S | $% : .
-1 -1 -14
2 ? 3] ? Ky !
’ other yqars 2001 to-y! 2003 Q2 otherlyears 2001 to-yI 2003 Q2 ’ otherlygars 2001 to-3|/ 2003 Q2

otros afios otros afios otros afios

3 TBE 3 .TBE-GRO % TBE.DS
2] . i i .
1 éﬁl == 5 éﬁ% == i éﬁ# =1
= TF? - :JE 3 T ] 3 TTYT
-3 - : . 2| N

1985- 2014 Q3 2014 Q4 2019

1985-2014 Q3 2014 Q4 - 2019

T T
1985-2014 Q3 2014 Q4 - 2019

FIGURE A4. Residual (log (observed index)-log(expected index) plots for the twelve model configurations

with steepness fixed at h=1.

SAC-11-08 — Yellowfin tuna: benchmark assessment 2019 67



SAC-11-07_Yellowfin tuna benchmark assessment 2019

DS
02
0.0 ’—VVW‘;&&-’
-0.2
1990 2000 2010 2020 1990 2000 2010 1990 2000 2010 2020

Year-Afo

50 100 150 200 50 100 150 200 50 100 150 200
Length (cm)-Talla (cm)
DDQ.GRO DDQ.DS
0.2
0.0 fugsm=as e

c
o -0.2
® 1990 2000 2010 2020 1990 2000 2010 1990 2000 2010 2020
o Year-Afio
o
)
©
w
o
®
=]
S 50 100 150 200 50 100 150 200 50 100 150 200
B Length (cm)-Talla (cm)
o
c_‘u TBM TBM.GRO TBM.DS
° 0.2 0.21
» 0.0 oo S—— 0.0 ST
)
— -0.2 -0.2]
5 1980 2000 2010 2020 1990 2000 2010 2020 1990 2000 2010
2 Year—Afo
5
o

50 100 150 200 50 100 150 200 50 100 150 200

Length (cm)-Talla (cm)
TBE TBE.GRO TBE.DS

1990 2000 2010 2020 1990 2000 2010 2020 1990 2000 2010 2020
Year—Ano
0.2 0.2 0.2
0.07 <k oz | N Ve 007 SR NI
-0.21 -0.2 -0.2
50 100 150 200 50 100 150 200 50 100 150 200

Length (cm)-Talla (cm)

Fleet
Flota

18
— 19
- 41

Fleet
Flota

18
- 19

44

FIGURE A5. Residual plots for the survey (41 and 44) and two fisheries F18 and F19. The lines are the

median residuals and the shaded area are the 25 and 75 percentiles.

SAC-11-08 — Yellowfin tuna: benchmark assessment 2019

68



SAC-11-07_Yellowfin tuna benchmark assessment 2019

Appendix 2.
INTEGRATED MODELS DIAGNOSTICS

Age-structured production model (ASPM): this diagnostic (Maunder and Piner, 2015) may be used to: (i)
evaluate model misspecification, (ii) ascertain the influence of composition data on the estimates of ab-
solute abundance and trends in abundance, and (iii) check whether catch alone can explain the trends in
the indices of abundance. The ASPM diagnostic is computed as follows: (i) run the base case model; (ii) fix
selectivity parameters at the maximum likelihood estimate (MLE) from the base case model, (iii) turn off
the estimation of all parameters except the scaling parameters (Ro) , and set the recruitment deviates to
zero; (iv) fit the model to the indices of abundance only; (v) compare the estimated trajectory to that of
the base case. There is evidence of the existence of a production function if the ASPM can fit well the
indices of abundance that have good contrast (i.e. those that have declining and/or increasing trends), it
is also likely that the index, in combination with the catches, provides information on absolute abundance
(Maunder and Piner 2015). When the catches cannot explain the changes in the indices, the ASPM will fit
poorly. This can have several causes: (i) the stock is recruitment-driven; (ii) the stock has not yet declined
to the point where catch is a major factor influencing abundance, (iii) the base-case model is incorrect, or
(iv) the indices of relative abundance are not proportional to abundance. Checking whether the stock is
recruitment-driven involves estimating recruitment deviations when fitting the model (ASPM-R). If this is
still not able to capture the population trajectory estimated in the integrated model, it can be concluded
that the information about scale in the integrated model is coming from the length composition data.
Large confidence intervals on the abundance estimated by the ASPM also indicate that the index of abun-
dance has little information on absolute abundance.

Catch-curve analysis (CCA) is done by fitting the integrated model only to the length composition data,
and estimating all parameters except the auxiliary parameters associated with the index (Carvalho et al.
2017). The decline in the logarithm of the proportion of catch-at-age with age (the catch curve) provides
information on fishing mortality (natural mortality assumed known), and when combined with catch data
provides information on abundance. The CCA used to verify whether the temporal trend implied by the
size composition data is consistent with that coming from the index of abundance. If the two trends are
similar, then there is more confidence that the estimated abundance trend is accurate. Two variants of
the CCA where used, one that is fit only to data from the fisheries and other that is fit only to the survey
data.

Likelihood profile on the global scaling parameter: A likelihood profile of the average recruitment in an
unfished (virgin) population in logarithm scale, InRO, is used to determine whether information about
absolute biomass scaling is consistent among data sets (e.g., Francis, 2011;; Lee et al., 2014; Wang et al.,
2014 2). The profile is done by fixing INRO to a range of values around the maximum likelihood estimate
(MLE) and estimating all other parameters, then obtaining the contribution of each data set and penalty
components to the likelihood conditioned of the value of InR0. The profile quantifies how the fit to each
data component is degraded by changing the population scale. Data components with a large amount of
information on population scale will show loss of fit (smaller likelihood, or larger negative-log likelihood)
as population scale is changed from its best estimate (Lee et al 2001). If different data components favor
different values for In(RO), there is contradictory information among them, conditioned on the model,
thus pointing to potential model misspecification.

Retrospective analyses: these analyses are useful for determining how consistent a stock assessment
method is from one year to the next (Mohn, 1999). The analysis is generally done by eliminating data for
the last time step, then repeating the model fit without changing the method and assumptions, removing
the last and the second last, running the model again and so on, until a desired amount of data is cumu-
latively removed. This shows the effect on the resulting estimated quantities of including more data.

SAC-11-08 — Yellowfin tuna: benchmark assessment 2019 69



SAC-11-07_Yellowfin tuna benchmark assessment 2019

Inconsistencies in the results of this progressive removal of data are a signal of inadequacies in the assess-
ment models. The assessment model has a quarterly time step, but new data are updated annually (four

quarters at once). Thus, the retrospective analysis was done by removing whole years of data at once.
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